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ABSTRACT 


The  oxidation  of  refractory  borides,  graphites,  and  JT  composites, 
hypereutectic  carbide-graphite  composites,  refractory  metals,  coated 
refractory  metals,  metal  oxide  composites  and  iridium  coated  graphites 
in  air  over  a  wide  range  of  conditions  was  studied  over  the  spectrum  of 
conditions  encountered  during  reentry  or  high  velocity  atmospheric  flight 
as  well  as  those  employed  in  conventional  furnace  tests.  Elucidation,  of 
the  relationship  between  hot  gas / cold  wall  (HG/CW)  and  cold  gas/hot  wall 
(CG/HW)  surface  effects  in  terms  of  heat  and  mass  transfer  rates  at  high 
temperatures  was  a  principal  goal  of  this  investigation. 

This  report  describes  the  candidate  materials  which  were  obtained 
from  commercial  sources  and  represent  state  of  the  art  materials.  Avail¬ 
able  processing  information  is  included.  Characterization  of  materials 
waa  performed  by  qualitative  spectrographic,  wet  chemical  and  vacuum  (or 
inert  gas)  fusion,  metallographic,  X-ray,  electron  microprobe  and  pycno- 
metric  analysis.  Standard  analysis  of  refractory  boride,  carbide  and 
silicide  composites  were  employed.  However,  considerable  difficulties 
were  encountered  in  the  chemical  analysis  of  OT  graphite  composites  due 
to  formation  of  ZrSi04  or  HfSi04  on  combustion.  In  order  to  avoid  this 
complication  a  novel  method  was  developed. 

Nondestructive  testing  of  candidate  materials  included  radiography, 
gamma  radiometry,  die  penetrant  inspection  and  measurement  of  ultra¬ 
sonic  velocity.  Film  radiography  was  used  to  detect  the  presence  of  voids, 
inclusions  and  local  gross  changes  in  composition.  Radiometric  density 
gauging  used  to  measure  local  densities  within  each  specimen  and  alcohol 
penetrant  tests  were  employed  to  disclose  tight  surface  cracks  which  are 
not  visible  at  moderate  magnifications. 

The  measurement  of  ultrasonic  velocity  was  utilized  for  establish¬ 
ing  correlations  between  quantitative  NDT  measurements  and  material 
properties.  Process  variations  leading  to  modulus  changes,  (such  as 
preferred  orientation  in  elastically  anisotropic  materials  or  small 
amounts  of  "stiffening”  impurities)  change  sound  velocity.  These  tech¬ 
niques  are  capable  of  a  precision  of  about  1%.  Moreover,  ultrasonic 
energy  is  reflected  at  solid  material/ air  interfaces.  Such  interfaces 
exist  at  cracks,  bursts,  voids,  etc.  ,  present  in  solids. 

The  results  of  nondestructive  testing  of  samples  prior  to  arc 
plasma  testing  is  reported.  Test  results  are  provided  for  a  series 
of  hemispherical  shells  of  diboride  composites.  Graphite  composites, 
silicon  carbide  and  hafnium -tantalum  alloy  were  also  tested  prior  to 
exposure.  In  several  instances,  flaws  which  caused  failures  on  expo¬ 
sure  were  detected  by  means  of  dye  penetrant  and  radiographic  techniques. 
The  latter  piethods  proved  to  be  most  effective  of  the  NDT  techniques  em¬ 
ployed  in  this  study. 

This  abstract  is  subject  to  special  export  controls  and  each  trans¬ 
mittal  to  foreign  governments  or  foreign  nationals  may  be  made  only  with 
prior  approval  of  the  Air  Force  Materials  Laboratory  (MAMC),  Wright 
Patterson  Air  Force  Base,  Ohio  45433, 
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INTRODUCTION  AND  SUMMARY 


A.  Introduction 


The  response  of  refractory  materials  to  high  temperature 
oxidizing  conditions  imposed  by  furnace  heating  has  been  observed  to 
differ  markedly  from  the  behavior  in  arc  plasma  "reentry  simulators". 
The  former  evaluations  are  normally  performed  for  long  times  at 
fixed  temperatures  and  slow  gas  flows  with  well  defined  solid/gas- 
reactant/product  chemistry.  The  latter  on  the  other  hand  are  usually 
carried  out  under  high  velocity  gas-flow  conditions  in  which  the  energy 
flux  rather  than  the  temperature  is  defined  and  significant  shear  forces 
can  be  encountered.  Consequently,  the  differences  in  philosophy,  ob¬ 
servables  and  techniques  used  in  the  "material  centered"  regime  and 
the  "environment  centered-reentry  simulation"  area  differ  so  signi¬ 
ficantly  as  to  render  correlation  of  material  responses  at  high  and 
low  speeds  difficult  if  not  impossible  in  many  cases.  Under  these, 
circumstances,  expeditious  utilization  of  the  vast  background  of 
information  available  in  either  area  for  optimum  matching  of  existing 
material  systems  with  specific  missions  or  prediction  and  synthesis 
of  advanced  material  systems  to  meet  requirements  of  projected 
missions  is  sharply  curtailed. 

In  order  to  progress  toward  the  elimination  of  this  gap, 
an  integrated  study  of  the  response  of  refractory  materials  to  oxida¬ 
tion  in  air  over  a  wide  range  of  time,  gas  velocity,  temperature  and 
pressure  has  been  designed  and  implemented.  This  interdisciplinary 
study  spans  the  heat  flux  and  boundary-layer- shear  spectrum  of  con¬ 
ditions  encountered  during  high  velocity  atmospheric  flight  as  well  as 
conditions  normally  employed  in  conventional  materials  centered  in¬ 
vestigations.  In  this  context,  significant  efforts  have  been  directed 
toward  elucidating  the  relationship  between  hot  gas/cold  wall(HG/CW) 
and  cold  gas/hot  wall(CG/HW)  surface  effects  in  terms  of  heat  and  mass 
transfer  rates  at  high  temperatures,  so  that  full  utilization  of  both  types 
of  experimental  data  can  be  made.  In  gaseous  and  solid  oxide  formation, 
the  elucidation  of  various  mass  transfer  reaction  regimes  have  been 
studied. 


The  principal  goal  of  this  study  is  the  coupling  of  the 
material-centered  and  environment- centered  philosophies  in  order 
to  gain  a  better  insight  into  systems  behavior  under  high-speed 
atmospheric  flight  conditions.  This  coupling  function  haB  been  pro¬ 
vided  by  an  interdisciplinary  panel  composed  of  scientists  represent¬ 
ing  the  component  philosophies.  The  coupling  framework  consists  of 
an  intimate  mixture  of  theoretical  and  experimental  studies  specifically 
designed  to  overlap  temperature/ energy  and  pressure/ velocity  condi¬ 
tions.  This  overlap  has  provided  a  means  for  the  evaluation  of  test 
techniques  and  the  performance  of  specific  materials  systems  under  a 
wide  range  of  flight  conditions.  In  addition,  it  provides  a  base  for 
developing  an  integrated  theory  or  modus  operandi  capable  of 


translating  reentry  systems  requirements  such  as  velocity,  altitude, 
configuration  and  lifetime  into  requisite  materials  properties  as 
vaporization  rates,  oxidation  kinetics,  density,  etc,,  over  a  wide 
range  of  conditions. 

The  correlation  of  heat  flux,  stagnation  enthalpy,  Mach 
Number,  stagnation  pressure  and  specimen  geometry  with  surface 
temperature  through  the  utilization  of  thermodynamic,  thermal  and 
radiational  properties  of  the  material  and  environmental  systems  used 
in  this  study  was  of  prime  importance  in  defining  the  conditions  for 
overlap  between  materials -centered  and  environment-centered  tests. 

Significant  practical  as  well  as  fundamental  progress  along 
the  above  mentioned  lines  necessitated  evaluation  of  refractory  mater¬ 
ial  systems  which  exhibit  varying  gradations  of  stability  above  2700°F. 
Emphasis  was  placed  on  candidates  for  3400°  to  6000°F  exploitation. 

Thus,  borides,  carbides,  boride-graphite  composites  (JTA),  JT 
composites,  carbide -graphite  composites,  pyrolytic  and  bulk  graphite, 

FT  graphite,  coated  refractory  metals/ alloys,  oxide-metal  composites, 
oxidation  resistant  refractory  metal  alloys  and  iridium- coated  graphites 
were  considered.  Similarly,  a  range  of  test  facilities  and  techniques  in¬ 
cluding  oxygen  pickup  measurements,  cold  sample  hot  gaB  and  hot  sample 
cold  gas  devices  at  low  velocities,  as  well  as  different  arc  plasma  facili¬ 
ties  capable  of  covering  the  50-2500  BTU/ftzsec  flux  range  under  condi¬ 
tions  equivalent  to  speeds  up  to  Mach  12  at  altitudes  up  to  200,  000  ft  were 
employed.  Stagnation  pressures  between  0,001  and  10  atmospheres 
were  covered.  Splash  and  pipe  tests  were  performed  in  order  to  evaluate 
the  effects  of  aerodynamic  shear.  Based  on  the  present  results,  this 
range  of  heat  flux  and  stagnation  enthalpy  produced  surface  temperatures 
between  2000°  and  6500°F, 

B.  Summary 

The  candidate  materials  employed  in  the  current  study  were 
obtained  from  commercial  sources  and  represent  state  of  the  art  mater¬ 
ials.  An  attempt  was  made  to  obtain  processing  information  from  each 
supplier.  This  was  not  possible  in  all  cases  due  to  requirements  for 
preserving  proprietary  manufacturing  information.  However,  manu¬ 
facturing  procedures  were  obtained  on  some  cases. 

Characterization  of  candidate  materials  was  performed  by 
means  of  qualitative  spectrographic,  wet  chemical  and  vacuum  (or  inert 
gas)  fusion,  metallographic,  X-ray,  electron  microprobe  and  pycnometric 
analysis.  In  most  cases,  these  analyses  were  performed  at  ManLabs, 

Inc.  In  addition,  some  wet  chemical  analyses  were  performed  at  the 
Department  of  Metallurgy,  M.I.  T.  Qualitative  spectrographic  analysis  was 
performed  by  Jarrell-Ash  Co.  of  Waltham,  Massachusetts,  while  M.  I.  T. 
and  Luvak,  Inc.  of  Newton,  Massachusetts, carried  out  vacuum  (or  inert 
gas)  fusion  analysis. 

Standard  methods  for  analysis  of  refractory  boride,  carbide 
and  silicide  composites  have  been  employed  in  performing  the  wet 
chemical  analysis.  However,  considerable  difficulties  were  encountered 
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in  the  chemical  analysis  of  JT  graphite  composites  due  to  formation  of 
ZrSi04  or  HfSiO.4  on  combustion.  In  order  to  avoid  this  complication, 
a  novel  method  was  employed  for  analysis.  The  details  of  this  method 
are  reported. 

The  results  of  characterization  analysis  for  all  of  the  can¬ 
didate  materials  is  provided  in  the  form  of  tabular  data  oh  chemistry, 
density,  phase  analysis  by  X-ray  diffraction  and  metallography.  Photo¬ 
micrographs  of  all  the  candidate  materials  are  provided. 

Nondestructive  testing  of  candidate  materials  was  performed 
at  Avco/SSD,  Test  methods  included  radiography,  gamma  radiometry, 
die  penetrant  inspection  and  measurement  of  ultrasonic  velocity. 

Film  radiography  was  used  to  detect  the  presence  of  voids, 
inclusions  and  local  gross  changes  in  composition  Buch  as  gross  seg¬ 
regation..  The  through  transmission  method  is  used  with  the  X-ray 
source  on  one  side  of  the  specimen  and  a  film  (detector)  on  the  other 
aide.  Absorption  is  a  function  of  the  chemistry,  the  density  and  thick¬ 
ness.  When  several  elemental  components  are  present,  the  absorption 
coefficient  depends  on  the  density  and  the  percentage  of  each  element 
present  and  the  wavelength  or  "voltage"  of  the  incident  radiation.  If 
chemistry,  density  and  thickness  are  constant,  the  amount  of  radiation 
passing  through  the  specimen  will  be  constant  and  the  film  will  be 
uniformly  exposed.  However,  if  foreign  included  material  or  segrega¬ 
tion  is  present,  or  if  the  thickness  changes  (as  in  the  case  of  a  void) 
then  the  amount  of  radiation  impinging  on  the  film  Is  less  than  the  sur¬ 
rounding  image.  Radiographic  sensitivity  depends  on  the  source  and 
the  detector  system  used,  but  optimum  combinations  yield  intensity 
differences  of  the  order  of  1%  with  resolution  down  to  +  0,001  inch. 

Gamma  radiometry  is  similar  to  radiography.  In  radio- 
metric  density  gauging,  a  collimated  source  of  radiation  is  used,  and 
a  confined  beam  is  directed  through  the  specimen  impinging  on  a 
scintillation  detector.  The  utility  of  such  measurements  for  later  ap¬ 
plication  to  large  specimens  or  parts  has  been  demonstrated;  further, 
if  density  appears  to  be  an  important  variable  with  respect  to  oxida¬ 
tion  behavior,  resolution  can  be  further  improved  and  local  densities 
determined  within  each  specimen. 

Penetrant  tests  were  ueod  to  disclose  tight  surface  cracks 
which  may  not  be  visible  to  the  naked  eye  or  even  at  moderate  magni¬ 
fications.  In  practice,  any  one  of  a  number  of  low  viscosity  fluids  is 
applied  to  the  surface.  The  low  viscosity  fluid  is  either  drawn  out  by 
the  use  of  "developers"  or  permitted  to  seep  out  naturally  to  provide 
an  easily  recognisable  and  enlarged  indication  of  ,the  crack.  Alcohol 
was  used  in  the  present  case  because  it  is  unlikely  to  result  in  any 
contamination  (some  procedures  may  leave  a  residue  in  the  crack  or 
pores  present) . 
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The  measurement  of  velocity  presents  a  means  for  determin¬ 
ing  properties  of  interest  by  direct  calculation  using  well  known  relations, 
and  by  establishing  correlations  between  quantitative  NDT  measurements 
and  material  properties.  In  regard  to  elastic  properties,  for  example, 
relationships  exist  between  wave  velocities,  density  and  elastic  moduli. 

Consequently,  process  variations  leading  to  modulus  changes, 
either  total  or  in  a  given  direction  (such  as  preferred  orientation  in 
elastically  anisotropic  materials  or  small  amounts  of  "  stiffening"  im¬ 
purities)  will  show  up  as  a  change  in  sound  velocity.  In  some  materials, 
depending  on  the  stress-strain  relationship,  variation  in  internal  stress 
levels  will  also  be  indicated.  These  techniques  are  capable  of  determin¬ 
ing  velocity  to  a  precision  of  about  1%.  Moreover,  due  to  the  very  large 
ultrasonic  impedence  differences  between  gases  and  solid  materials, 
ultrasonic  energy  is  very  efficiently  reflected  at  solid  material/air  inter¬ 
faces.  Such  interfaces  occur  when  cracks,  bursts,  voids,  etc. ,  are 
present  in  solids  and  ultrasonic  detection  of  such  flaws  is  quite  common. 

Variations  in  chemical  composition,  phases  present,  dis¬ 
tribution  of  phases,  hardness  and  internal  stress  result  in  changes  in 
the  electromagnetic  properties  of  electrically  conductive  materials. 

Thus,  the  measurement  of  electromagnetic  properties  especially  in 
the  near  surface  layers,  could  provide  a  measure  of  relative  oxidation 
resistance.  This  measurement  was  made  by  a  coil  carrying  an  alterna¬ 
ting  electrical  signal  which  is  brought  into  proximity  with  the  electrically 
conductive  specimen.  Eddy  currents  induced  in  the  specimen  were  dissipated 
through  the  action  of  the  resistivity  of  the  material  encountered.  Reflec¬ 
tion  to  the  exciting  coil  results  in  a  coil  current  related  to  the  electro¬ 
magnetic  properties  of  the  material  in  the  field  induced  by  the  coil. 

The  results  of  nondestructive  testing  of  HfB?  i(A-2),  ZrB2 
(A- 3),  HfC+C(C-ll),  ZrC+C(C-lZ),  JTA(D-13),  JT098lfF-16)  and 
Ix/G(I-24)  samples  prior  to  arc  plasma  testing  is  reported.  In  addition, 
test  results  are  provided  for  a  series  of  diboride  composites  exposed  in 
the  Ten  Megawatt  Arc  facility.  Hemispherical  shells  of  diboride 
composites,  graphite  composites,  silicon  carbide  and  hafnium -tantalum 
alloy  were  also  tested  prior  to  exposure  in  the  CAL  Wave  Superheater. 

In  several  instances,  flaws  were  detected  by  means  of  dye  penetrant 
and  radiographic  techniques  which  caused  failures  on  exposure.  The 
latter  methods  proved  to  be  most  effective  of  the  NDT  techniques  em¬ 
ployed  in  this  study. 
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n.  PROCUREMENT  OF  CANDIDATE  MATERIALS 

The  candidate  materials  employed  in  the  present  study  are  listed 
in  Table  1.  This  listing  includes  the  code  number  assigned  to  each 
material  as  well  as  the  source.  An  attempt  was  made  to  obtain  proces¬ 
sing  information  from  each  supplier.  ThiB  was  not  possible  in  all  cases 
due  to  requirements  for  preserving  proprietary  manufacturing  informa¬ 
tion.  The  processing  techniques  employed  in  the  fabrication  of  diboridea 
(A-6),  (A-7),  (A-8),  (A-9)  and  (A- 10)  by  hot  pres  sins  techniques  are  con¬ 
tained  in  reports  generated  under  AF33(615)-36?1  (lr.  The  following 
listing  summarizes  the  remaining  information  whicK  was  made  available 
by  various  suppliers. 

1.  HfB2  i(A-2)  was  prepared  by  Carborundum  from  3  lots 
of  powder  having’the  following  composition; 


Lot  No.  4 

Soluble  (Hf  +  Zr)  87.39 

Insoluble  (HfCfc)  0. 99 

C  0.44 

B  9.86 

N  0.14 

Gross  B/Me  1.87 


87.60 

0,54 

0.64 

10.36 

1.95 


87.32 
1.64 
0.  10 
10.53 

1.99 


This  powder  together  with  a  SiC  addition  was  employed  to  fabricate 
HfB2+SiC(A-4) . 

2.  ZrB2(A-3)  was  prepared  by  Carborundum  from  powder 
having  the  following  composition: 

Soluble  (Zr)  80.43 

Insoluble  (Zr02)  0. 17 

C  1.07 

B  18.51 

N  1.20 

3.  LMSC  Glassy  Carbon  (B -11)  was.  supplied  by  Lockheed 
Palo  Alto  Research  Laboratory  as  finished  samples  suitable  for  arc 
plasma  testing.  The  preparation  involved  molding  of  a  thermosetting 
resin  to  shape  with  allowance  for  shrinkage,  and  a  pyrolysis  operation. 
The  maximum  heat  treatment  temperature  is  either  2000^  or  3000°F 
and  materials  are  designated  as  Grades  2000  or  300 0,  accordingly. 

4.  HfC+C(G-ll)  billets  were  fabricated  by  Battelle  Memorial 
Institute.  Nuclear- grade  graphite  and  good  quality  hafnium  sponge  were 
the  starting  materials.  Charges  were  first  pre-alloyed  by  skull-arc 
melting  in  a  helium  atmosphere.  Both  the  electrode  and  crucible  were 
graphite  so  that  little  contamination  was  introduced.  Next,  the  charges 


Underscored  numbers  in  parentheses  indicate  References  given  at  the 
end  of  this  report. 
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were  remelted  and  then  drop-cast  into  an  induction  heated  graphite  mold, 
once  again  in  a  helium  atmosphere.  The  rough  billets  were  machined  to 
1  inch  diameter  by  4  inches  long  to  eliminate  surface  flaws  and  end  ef¬ 
fects. 

\ 

5.  ZrC+C(C-12)  billets  were  fabricated  by  Battelle  Memorial 
Institute  vi  sing  identical  procedures  as  described  above  for  HfC+C 
(C-ll),  Starting  materials  were  nuclear-grade  graphite  and  zirconium 
chunklets. 

6.  W+Zr+Cu(G-20)  rods  were  supplied  from  material,  fabricated 
by  Rocketdyne  (2).  The  material  was  fabricated  by  infiltration  of  zircon- 
ium-25%  copper  into  a  porous  tungsten  lattice. 

7.  W+Ag(G-21)  rods  were  supplied  from  material  fabricated  by 
Wall  Chang  Corp.  The  material  was  fabricated  by  infiltration  of  silver 
into  a  porous  tungsten  lattice. 

8.  S102+68. 5W{H-22)  was  prepared  by  Bjorksten  Research  Labs. 
Samples  were  prepared  from  intimate  and  uniform  mixtures  of  fine  pow¬ 
ders  of  high  purity  W  and  SiO?  by  first  degassing  and  fusing  under  vacuum 
and  then  collapsing  the  resulting  void-filled  mass  by  application  of  an 
atmosphere  of  argon.  Of  the  fifty  specimens  supplied,  half  of  these  were 
given  a  post-heat  treatment  to  increase  their  viscosity. 

9.  Hf-20Ta-2Mo(I-23)  was  prepared  by  Wah  Chang  in  the  fol¬ 
lowing  manner: 

(a)  One-half  inch  diameter  rod  was  double  arc-melted 
and  skull  cast  into  5/8"  diameter  rod  and  machined  to  final  size. 


Ingot  Chemistrv 


Top 

Middle 

Bottom 

Ta 

19. 17  w/o 

19.13  w/o 

19.25  w/o 

Mo 

2.11  w/o 

2.16  w/o 

2.  07  w/o 

Hf 

Balance 

Balance 

Balance 

Zr 

2. 55  w/o 

2.  65  w/o 

2.  55  w/o 

C 

110  ppm 

120  ppm 

N 

62  ppm 

74  ppm 

O 

360  ppm 

240  ppm 
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(b)  One  inch  rod  was  double  arc -melted,  hot  forged 
annealed,  hot  rolled  to  final  size,  and  vacuum  annealed  one  hour  at 
2100°F. 


Bottom 


19. 25  w/o 
2.07  w/o 
Balance 
2.55  w/o 
80  ppm 
35  ppm 
90  ppm 
3.6  ppm 

MIT  Analysis  Jarrell- Ash  (Qualitative  Spectrography) 

Hf-79.4  0.01  -  0.001 

Ta-19.  6  Ti,  Fe 

Mo-1.4 

Oj-0. 0075 

and  0. 0078 

10.  Ir/ Graphite  (1-24)  specimens  for  arc  plasma  testing  were 

coated  with  iridium  by  Battelle  Memorial  Institute.  The  coating  pro¬ 
cess  is  described  in  reports  under  AF33(615)-3706  (3).  Briefly,  out- 
gassed  specimens  of  graphite  were  iridium  coated  by* plasma-arc 
deposition  and  the  coating  was  then  outg&ssed.  Coated  specimens  were 
wrapped  in  graphite  foil,  welded  into  a  vacuum  tight  steel  container,  and 
pressure  bonded  at  10, 000-15, 000  psi  for  two  hours  at  1090°C.  Poco 
Graphite  (B-10)  was  used  to  fabricate  arc  plasma  specimens.  All  speci- 
ments,  except  Nos.  2,  3, 4  and  6  were  processed  by  outgassing  the  sub¬ 
strate  at  1370°C,  outgassing  the  coating  at  2000°C,  wrapping  in  graphite 
foil,  and  bonding  at  1090°C  for  two  hours  under  a  pressure  of  15, 000  psi. 
Specimens  2,  3,  4  and  6  had  the  substrate  out  gassed  at  1200°C,  with  no 
outgaa  of  the  coating.  They  were  wrapped  in  tantalum  foil  and  bonded  at 
1090°C  for  two  hours  under  a  pressure  of  10,  000  psi.  These  specimens 
were  rusted,  probably  by  contamination  during  bonding  due  to  lack  of 
sufficient  outgassing. 


Ingot  Chemistry 


Top 

Middle 

Ta 

19.17  w/o 

19. 13  w/o 

Mo 

2.11  w/o 

2. 16  w/o 

Hf 

Balance 

Balance 

Zr 

2. 55  w/o 

2. 65  w/ o 

C 

70  ppm 

70  ppm 

N 

30  ppm 

40  ppm 

O 

100  ppm 

H 

2. 4  ppm 
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Ir/C(I-24)  samples  were  also  supplied  from  material  fabri¬ 
cated  by  General  Technologies  Corp.  Whereas  the  Ir/C  samples  sup¬ 
plies  by  Battelle  were  coated  by  means  of  a  high  pressure  bonding 
technique,  the  GTC  samples  were  prepared  utilizing  the  fused- salt 
electrodeposited  coating  process.  This  process  produced  coatings  with 
an  average  thickness  of  about  4  mils  as  compared  with  33  mils  for  the 
pressure -bonded  coatings  (4). 
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in.  CHARACTERIZATION  OF  CANDIDATE  MATERIALS 

A.  Introduction 

Characterization  of  candidate  materials  was  performed  by 
means  of  qualitative  spectrographic,  wet  chemical  and  vacuum  (or 
inert  gas)  fusion,  metallographic,  X-ray,  electron  microprobe  and 
pycnometric  anal>  jis.  In  most  cases,  those  analyses  were  performed 
at  ManLabs,  Inc.  by  Dr,  Edward  Peters,  Messrs,  Raymond  Yeaton 
and  Joseph  Davis.  In  addition,  Mr.  Donald  Guernsey,  Department  of 
Metallurgy,  M.I.  T.  performed  some  of  the  wet  chemical  analysis. 
Qualitative  spectrographic  analysis  was  done  by  Jarrell-Ash  Co,  of 
Waltham,  Massachusetts,  while  Donald  Guernsey  at  M.  I.  T,  and 
Luvak,  Inc.  of  Newton,  Massachusetts  carried  out  vacuum  (or  inert 
gas)  fusion  analysis. 

B.  Chemical  Analysis  Procedures  Employed  for  Refractory 

Composite  Materials  'r  ~  1  1 

Standard  methods  for  analysis  of  refractory  boride, 
carbide  and  siliclde  composites  (5-8)  have  been  employed  in  per¬ 
forming  the  wet  chemical  analysis.  However,  considerable  dif¬ 
ficulties  were  encountered  in  the  chemical  analysis  of  JT  graphite 
composites  due  to  formation  of  ZrSiO^  or  HfSi04  on  combustion.  In 
order  to  avoid  this  complication,  the  following  procedure  was  em¬ 
ployed.  The  composite  is  burned  on  a  bed  of  RR  alundum  covered  with 
a  tin  or  copper  accelerator  (approximately  one  gram  for  a  one  hundred 
milligram  sample).  The  mixture  is  covered  with  a  layer  of  alundum 
and  burned  for  45  minutes  at  1300°C.  The  resulting  CO2  is  collected 
and  weighed  to  determine  total  carbon. 

A  second  200  mg  sample  is  employed  for  determination  of 
zirconium  (or  hafnium)  and  silicon.  The  sample  Is  reduced  to  -200 
mesh  powder  and  boiled  in  5-10  ml  of  H9SO4  in  a  covered  beaker. 

About  2  ml  HNO*  is  added  drop-wise  at  intervals  until  all  of  the  graphite 
is  removed  and  fne  ZrC  or  HfC  is  in  solution.  Solution  takes  place  in 
about  30  minutes.  This  procedure  dissolves  ZrC  or  HfC  leaving  SiC 
behind.  Following  evaporation  and  resolution  in  50  ml  of  3NHC/,  the 
mixture  is  filtered  and  washed  in  hot  water  with  2%  NH4NO3  added. 

The  precipitate  is  then  ignited.  At  this  point,  an  approximate  value 
can  be  obtained  by  weighing  the  SiC.  Subsequently,  the  SiC  is  fused 
in  two  grams  of  NagCO*  (and  100  mg  of  KNO3,  if  necessary).  Fifteen 
or  twenty  minutes  of  this  treatment  is  sufficient  to  effect  fusion.  The 
fused  mass  is  leached  in  hot  water  with  cautious  addition  of  10  ml  of 
50%  H2SO4  solution.  This  procedure  converts  SiC  to  SiOg,  Follow¬ 
ing  evaporation  the  silicon  is  determined  by  standard  procedures. 

The  filtrate  from  the  SiC  separation  which  contains  zir¬ 
conium  or  hafnium  is  evaporated,  redissolved  in  50  ml  of  3NHCI  and 
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reacted  with  mandeiic  acid.  The  precipitate  contains  the  zirconium  or 
hafnium.  This  procedure  can  only  tolerate  traces  of  the  SO4  radical*. 
Subsequently,  the  mandelate  is  ignited  to  the  zirconium  or  hafnium 
dioxide  and  weighed. 

If  the  composite  contains  ZrB 2  or  H£B2  in  place  of  the 
transition  metal  carbides,  the  procedure  is  identical  except  that  a 
third  sample  is  employed  for  boron  analysis.  If  boron  is  present 
as  ZrB2  or  HfB2<  fusion  with  Na2C03  is  employed  to  form  Na^B^O^. 

C.  Summary  of  Characterization  Results 

The  results  of  the  characterization  studies  of  all  of  the 
candidate  materials  listed  in  Table  1  are  shown  in  Tables  2-14  and 
in  Figures  1-64.  As  indicated  in  Table  1,  H£B2.  i(A-2),  ZrB2(A-3), 

HfB2.  l+ZO  v/o  SiC(A-4)  and  Boride  Z(A-5)  were’  obtained  from 
Carborundum  Company,  Niagara  Falls,  New  York.  The  hot  pressed 
samples  (1/2  inch  diameter  x  1  inch  long,  and  1  inch  diameter  x  2 
inches  long  cylinders)  were  fabricated  from  powders  produced  by 
Carborundum  Company  as  indicated  in  Section  U,  The  HfB2.  i+2Gv/o 
SiC( A-4)  composite  was  designed  to  reproduce  the  properties  of 
HfB2+SiC(F-2)  first  synthesized  under  AF33(657)-8635  (4).  Figures 
1-8  show  the  microstructural  characteristics  of  HfB2  i(A-2),  ZrB2 
(A- 3),  H£B2+20v/oSiC(A-4)  and  Boride  Z(A-5). 

This  analysis  indicates  that  (A-2)  is  boron  rich  B/(Hf+Zr)  = 
2.07  and  low  in  oxygen.  The  (A- 3)  material  contains  more  oxygen  than 
does  (A-2)  but  is  slightly  metal  rich,  B/Zrsl.97.  The  present  (A-3) 
material  is  lower  in  oxygen  and  slightly  less  dense  (5. 58  vs  5. 70  gms/ 
cm3)  than  the  Carborundum  ZrB2  evaluated  earlier  (4).  However,  the 
L  >ron  to  metal  ratio  is  nearly  the  same  (1. 97  vs.  1.95).  The  chemical 
pycnometric  ;ind  metallographic  results  indicate  that  (A-2),  (A-3)  and 
(A-4)  are  all  90-95%  dense.  Reference  to  Figures  1-6  show  that  (A-2) 
and  (A-3)  are  more  prone. to  "pull  out"  of  second  phase  (oxide  or  car¬ 
bide)  during  letallographic  preparation  than  (A-4).  Finally,  it  should 
be  noted  thi„  (A-2),  H£B2,  1  was  far  more  susceptible  to  chipping  and 
cracking  during  chatting  and  grinding  than  (A-3),  (A-4)  or  high  pressure- 
hot  pressed  hafnium  diboride. 

Tables  3  and  4  and  Figures  9-18  show  the  characterization 
results  for  the  borides  and  boride  composites  HfB2  i(A-6),  HfB2. 1+ 
20v/oSiC(A-7),  ZrB2.i+20v/oSiC(A-8),  HfB2.  l+35v/oSiC(A-9)  and 
ZrB2+l4%SiC+30%C(A-10)  prepared  by  ManLabs  and  Avco  under  AF33 
(615) -3671.  Comparison  of  the  microstructural  features  of  HfB2. 1 
(A-2)  and  HfB2  i(A-6)  shown  in  Tables  2  and  3  and  in  Figures  1,  *2  and 
9  show  little  difference  between  the  two.  A  similar  comparison  of  the 
results  obtained  for  HfB2+20v/oSiC(A-4)  and  HfB2+20v/oSiC(A-7)  is  shown 
in  Tables  2  and  3  and  Figures  5,  6  and  11.  The  zirconium-base  analog 
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Alternately  the  zirconium  or  hafnium  may  be  determined  in  a  0. 3-0. 6 
mol  hot  solution  of  HNO3  by  titration  with  (0. 05  molar)  EDTA  using 
xylenol  orange  as  an  indicator.  In  this  case  the  SO4  does  not  interfere. 
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of  (A-4)  and  (A-7)  synthesized  earlier  {4}  is  ZrB2+20v/oSiC(A-8)  whose 
structure  is  shown  in  Figure  13.  Figure  15  shows  the  hafnium  diboride 
base  composite  H£B2+35v/ oSiC(A-9)  containing  larger  quantities  of  SiC 
than  (A-4)  and  (A-7).  The  final  diboride  composite  which  was  included 
for  evaluation  was  ZrB?+14%SiC+30%C(A- 10)  characterized  in  Table 
4  and  Figures  17  and  IS*. 

The  graphites  investigated  in  the  current  program  included 
RVA(B-5),  Pyrolytic  (PG(B- 6)),  Boron-Doped  Pyrolytic  (BPC(B- 7))* 
Siliconized  RVC(B -8),  PT0178(B-9),  AXF-5Q  Poco(B-lO)  and  Glassy 
Carbon  (B-ll).  The  characterization  data  and  structured  information 
for  these  materials  are  shown  in  Tables  4-6  and  Figures  19-34, 

The  pyrolytic  materials  shown  in  Figures  20-23  are  more 
dense  than  the  RVA  and  display  the  typical  oriented  microstructures  \ 
with  the  "C"  direction  perpendicular  to  the  transverse  sections.  The 
RVA(B-5)  material,  illustrated  in  Figure  19,  was  supplied  by  AFML 
in  the  form  of  a  6  inch  diameter  x  12  inch  high  cylinder.  Pyrblytic 
graphite  plate,  1  inch  x  2  inches  xl/2  inch  was  purchased  from  the 
Metallurgical  Products  Division,  General  Electric  Co.,  Detroit, 

Michigan.  The  High  Temperature  Materiails  Division,  Union  Carbide 
Corp.  of  Lowell,  Mass.,  supplied  one  inch  diameter  disks  which  were 
one  half  inch  thick.  In  the  latter  cases,  the  half  inch  thickness  was 
parallel  to  the  "C"  planes  of  the  graphite.  The  chemical  analyses  ana 
microstructures  presented  here  for  (B-5),  (B-6)  and  (B-7)  are  quite 
typical.  Electron  microprobe  and  chemical  analyses  of  BPG(B-7)  were 
performed  and  difficulties  were  encountered  in  obtaining  accurate  analysis 
of  the  boron  level  in  BPG.  The  boron  level  indicated  by  the  supplier  was 
2%. 

Siliconized  RVC(Si/RVG(B-8))  was  obtained  from  the  Union 
Carbide  Corp.  Table  5  provides  characterization  data,  while  Figures 
24-27  illustrate  the  microstructural  features  of  the  matrix  and  the  4 
mil  coating  of  SiC.  The  RVC  graphite  is  employed  as  the  matrix  due 
to  the  fact  that  it  exhibits  a  coefficient  of  thermal  expansion  which  is 
compatible  with  SiC. 

Table  5  also  provides  characterization  data  for  PT0178 
(B-9).  This  fibrous  graphite  obtained  from  Union  Carbide  Corp.  is 
fabricated  by  chopping  a  resin-impregnated  graphite  cloth  and  molding 
the  resultant  fibers.  The  molded  shape  is  then  cured  under  pressure 
at  high  temperatures  to  obtain  a  solid  form.  The  molded  part  is  then 
graphitized  near  5000°F  yielding  a  low  density  product.  This  product 
is  then  impregnated  with  a  furane-resin  system,  which  has  a  low 
viscosity  and  a  high  carbon  content.  The  impregnated  structure  is  baked 
at  1400°F  to  carbonize  the  resin.  After  regraphitization  at  5000°F,  a 
fully  stabilized  PT0178  product  is  obtained.  Figures  28  and  29  show 
the  microstructural  features  of  PT0l79(B-9). 


The  characteristics  of  AXF-5Q  Poco  Graphite  (B-10)  are 
shown  in  Figues  30-33  and  in  Table  5.  Figures  32  and  33  are  electron 
micrographs  illustrating  the  fine  grain  structure  of  this  graphite  which 
contains  substructures  at  the  0.05  and  0.002  mil  levels. 

Glassy  Carbon  (B-ll)  was  supplied  by  Lockheed  MisBile/ 

Space  Company,  Palo  Alto  Research  Laboratory.  Characterization 
information  is  provided  in  Table  6.  Figure  34  shows  the  clear  micro¬ 
structure  of  this  material. 

Characterisation  data  for  arc  cast  hypereutectic  carbides 
(HfC+C(C-ll)  and  ZrC+C(C-12)  are  contained  in  Tables  5,  7  and  8. 

Typical  microstructures  are  shown  in  Figures  35-38  which  illustrate 
the  flake  graphite  in  a  eutectic  matrix.  Figure  39  shows  radiographs 
of  several  of  the  hypereutectic  carbide  billets  in  which  internal  voids 
were  detected. 

Tables  7-10  and  Figures  40-48  show  the  result  obtained 
for  KT  silicon  carbide  (E-14)  and  graphite  composites  JTA(D-13), 
JT0992<F-15),  JT0981(F-16)  and  JT-PT.  The  latter  is  an  experi¬ 
mental  composition  with  the  same  composition  as  JTA(D-13)  except 
for  the  fact  that  the  carbon  is  present  in  the  form  of  fibers.  Sample 
quantities  of  JT-PT  were  supplied  for  evaluation  by  AFML,  The  KT 
silicon  carbide  (E-14)  was  obtained  from  Carborundum  Company,  while 
the  JT  composites  (D-13),  (F-15)  and  (F-16)  were  purchased  from  Union 
Carbide  Corp.  (see  Table  1).  The  chemical  analysis,  pycnometric, 

X-ray  and  metallographic  results  obtained  for  these  materials  (Tables 
7-10)  do  not  differ  materially  from  those  obtained  earlier  (9)  except  in 
the  cases  of  KT-Silicon  Carbide  (E-14)  and  JT-0992(F-15).~  In  the 
former  case,  the  present  (E-14)  material  appears  to  have  more  free 
silicon  than  previously  (9).  The  current  JT0992(F-15)  analysis  indi¬ 
cates  a  greater  percentage  of  hafnium  (56  vs.  35  w/o)  and  smaller 
amounts  of  carbon  (32  vs.  48  w/o)  and  silicon  (11  vs.  17  w/o)  than 
reported  earlier.  It  should  be  pointed  out,  however,  that  the  values 
reported  earlier  were  based  on  suppliers'  analyses.  The  microstructure 
of  JT0992  shown  in  Figures  45  and  46  are  far  more  uniform  than  ob¬ 
served  earlier  (9).  Previously,  large  particles  of  hanium  carbide  were 
observed  to  be  agglomerated  in  the  graphite  matrix.  The  JT-PT  com¬ 
posite  shown  in  Figure  44  has  a  lower  density  (1.  65  vs.  3.00)  than  JTA 
(D-13).  The  graphite  fibers  which  form  the  JT-PT  matrix  appear  to  be 
5-10  micronB  in  diameter. 

Table  10  and  Figures  49-52  describe  the  General  Electric 
Type  MK,  cold  pressed  and  sintered  tungsten,  purchased  for  WSij  coat¬ 
ing  by  TRW.  Reference  to  Figures  49-51  shows  that  the  one  inch  diam¬ 
eter  bar  (970  mils  in  diameter)  exhibits  a  nonuniform  grain  structure 
owing  to  the  fact  that  it  did  not  receive  any  substantial  reduction  in  area 
during  forging.  By  contrast,  the  microstructure  of  the  1/2  inch  diam¬ 
eter  rod  shown  in  Figure  52  which  was  forged  from  1  inch  sintered  rod 
is  much  more  uniform.  Cylinders  were  cut  from  both  1  inch  and  1/2  inch 
rod.  Surface  preparation  of  the  1  inch  material  prior  to  coating  disclosed 
an  array  of  "Heat-checking"  cracks  which  necessitated  surface  machining 
prior  to  coating.  This  cracking  was  not  present  on  the  1/2  inch  rod. 

The  4,  5  mil  WSig  coating  applied  by  TRW  to  form  WSig/WtG-lS)  is  shown 
in  Figure  53. 


The  Ta-lOW  substrate  for  Sn-AZ  on  Ta-10W(G-19)  was 
obtained  from  National  Research  Corp.  Chemical  analysis  data  from 
the  supplier  is  shown  in  Table  10.  Figures  54  and  55  show  the  8  mil 
slurry  coating  of  Sn-27AZ-6.  9  Mo  applied  by  Sylcor  to  form  Sn-AZ/Ta- 
10W(G-19). 


Table  11  and  Figures  56  and  57  contain  characterisation 
data  and  illustrate  the  microstructural  features  of  the  infiltrated 
tungsten  composites  obtained  from  Rocketdyne  (2)  and  Wah  Chang. 

The  W+Zr+Cu  (G-20),  and  W+Ag(G-21)  materials  are  fabricated  by 
powder  metallurgy  techniques  as  indicated  in  Section  IL 

Analytical  information  for  the  silica-tungsten  composites 
Si02+68w/oW(H-22)  supplied  by  Bjorksten  Laboratories,  SiO2+60w/oW 
(H-23)  and  Si02+35w/oW(H-24)  are  contained  in  Tables  10  and  12. 

Figures  58-61  show  the  tungsten  particles  in  a  silica  matrix.  £ 

Characterization  data  for  Hf-20Ta-2Mo(I-23)  rod  obtained 
from  Wah  Chang  Corp.  are  shown  in  Table  12  and  Figures  62-65.  The 
microstructure  1  inch  diameter  rod  shows  a  (hep)  hafnium-rich  plates  ' 
in  a|3(bcc)  tantalum-rich  matrix,  while  the  1/2  inch  diameter  rod  shows 
only  the  /3(bcc)  structure. 

Tables  12-14  and  Figures  66  and  67  provide  characterization 
information  and  illustrate  the  microstructural  features  of  lr/G(I-24)  sup¬ 
plied  by  Battelle. 


IV.  APPLICATION  OF  NONDESTRUCTIVE  TEST  METHODS  TO 


AMA-LYSIS  OF  TEST  SAMt-’JUSS 

During  the  past  several  years,  the  NDT  Development  Group  at 
Avco/SSD,  Lowell,  Massachusetts,has  been  actively  pursuing  develop¬ 
ment  of  methods  for  nondestructive!/  defining  the  characteristics  of 
refractory  materials  and  coating  systems  (10-12)  for  applications 
under  high  temperature  conditions.  Although  tKe  Avco  experience  does 
not  extend  to  all  of  the  candidate  materials,  (10-12)  examination  of  these 
materials  could  be  informative  and  at  the  same* time  provide  destructive 
test  feedback  for  comparison  with  the  NDT  results.  This  feed  back 
comparison  may  lead  to  NDT/destructive  test  correlations  which  may  be 
useful  in  the  future.  Accordingly,  nondestructive  test  methods  including 
radiography,  gamma  radiometry,  die  penetrant  inspection  and  ultra¬ 
sonic  velocity  were  applied  to  analysis  of  selected  materials.  Subse¬ 
quent  parts  of  this  section  describe  the  techniques  employed  in  these 
tests  and  provide  a  description  of  the  results. 

A.  Description  of  Nondestructive  Test  Methods 
1,  Radiography 

Film  radiography  was  used  to  detect  the  presence  of 
voids,  inclusions  and  local  gross  changes  in  composition  such  as  gross 
segregation.  The  through  transmission  method  is  used  with  the  X-ray 
source  on  one  side  of  the  specimen  and  a  film  (detector)  on  the  other 
side.  The  equation  describing  X-ray  (  and  gamma-ray)  absorption  in 
traveling  through  the  specimen  material  is: 


I  =  I  Qe"^/p)pt  (1) 

It  will  be  noted  that  absorption  is  a  function  of  the  chemistry  (upon which 
the  value  of  p  depends),  the  density  and  the  thickness.  When  several 
elemental  components  are  present,  the  value  of  p  observed  depends  on 
the  density  and  the  percentage  of  each  element  present  and  the  wave¬ 
length  or  "voltage"  of  the  incident  radiation.  Since  monochromatic 
beams  are  not  easily  obtainable,  the  value  of  p/p  usually  observed  is 
an  effective  value  for  polychromatic  beams.  If  chemistry,  density  and 
thickness  are  constant,  the  amount  of  radiation  passing  through  the 
specimen  will  be  constant  and  the  film  will  be  uniformly  exposed. 
However,  if  p  changes  locally,  as  in  the  case  of  foreign  included  mater¬ 
ial  or  of  segregation  of  the  elemental  constituents,  or  if  the  thickness 
changes  (as  in  the  case  of  a  void)  then  the  amount  of  radiation  impinging 
on  the  film  is  less  than  the  surrounding  image.  Hence,  voids,  inclu¬ 
sions  and  segregations  can  be  detected  by  this  procedure.  Radiographic 
sensitivity  depends  on  the  source  and  the  detector  system  used,  but 
optimum  combinations  yield  intensity  differences  of  the  order  of  1%. 
Radiographic  resolution  down  to  +.001  inch  is  obtainable. 


2.  Gamma  Radiometry 


Radiometric  density  gauging  is  basically  similar  to 
radiography,  consequently  an  equation  similar  to  (1)  applies.  In 
radiometric  density  gauging,  a  collimated  source  of  radiation  (gamma 
rays,  for  this  application)  is  used,  and  a  confined  beam  is  directed 
through  the  specimen  impinging  on  a  scintillation  detector.  The  out¬ 
put  of  the  detector  is  fed  to  a  scintillation  counter.  By' accurately 
counting  scintillation  over  a  fixed  time  interval,  small  differences  in 
radiation  intensity  from  point-to-point  or  from  specimen  to  specimen 
can  be  detected.  Through  suitable  calibration  procedures,  specimen 
or  local  density  can  be  determined.  In  practice,  most  radiometric  * 
gauging  applications  are  based  on  the  assumption  of  constant  chemis¬ 
try  and  only  concern  themselves  with  the  thickness  and/or  density 
aspects  of  Eq.  1.  Since  the  value  of  transmitted  intensity  (I)  is  a 
function  of  both  of  these,  it  is  necessary  that  one  be  fixed  or  known 
if  the  other  is  to  be  unambiguously  determined.  Hence,  it  can  be 
quite  important  to  radiograph  materials,  prior  to  density  gauging,  if 
voids,  inclusions,  etc. ,  are  likely  to  occur.  Sensitivity  of  gauging 
devices  to  transmitted  intensity  changes  is  again  about  1%  and  while 
normal  operations  usually  have  resolution  of  the  order  of  0.5  square 
inches,  resolution  much  greater  than  this  is  attainable,  depending  on 
materials,  configurations,  reasonable  counting  times,  etc.  The  entire 
volume  of  each  1/2"  diameter  by  1"  long  cylinders  is  gauged  at  once  by 
adjusting  the  resolution  capability  down  to  the  diameter  of  the  specimen*. 
Obviously,  these  density  measurements  yield  no  more  information  than 
gravimetric  values,.  However,  the  feasibility  of  such  measurements  for 
later  application  to  Large  specimens  or  parts  has  been  demonstrated; 
further,  if  density  appears  to  be  an  important  variable  with  respect  to 
oxidation  behavior,  resolution  can  be  further  improved  and  local 
densities  determined  within  each  specimen. 

3.  Visual  Examination 

Visual  techniques,  often  not  recognized  as  NDT,  are 
probably  the  most  common  and  surprisingly  most  often  neglected  of 
nondestructive  tests.  In  studies  of  problems  like  oxidation  resistance, 
conditions  existing  at  the  surface  of  the  specimen  may  be  of  paramount 
importance.  Because  of  this  importance,  specimens  are  examined 
visually  with  the  naked  eye  and  at  40X  for  color  variations,  which  could 
be  associated  with  oxide  formation  or  surface  contamination,  for  tex¬ 
ture  differences,  which  could  be  associated  with  processing,  for 
presence  of  nonuniformity  or  surface  porosity  and  for  surface  cracks 
all  of  which  could  be  significant  with  respect  to  oxidation  behavior. 

4,  Penetrant  Inspection 

Penetrant  tests  are  used  to  disclose  tight  surface 
cracks  which  may  not  be  visible  to  the  naked  eye  or  even  at  moder¬ 
ate  magnifications.  In  practice,  any  one  of  a  number  of  low  viscosity 
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fluids  is  applied  to  the  surface.  The  low  viscosity  fluid  is  either  drawn 
out  by  the  use  of  "developers"  or  permitted  to  seep  out  naturally  to 
provide  an  easily  recognizable  and  enlarged  indication  of  the  crack. 
Alcohol  is  being  used  in  the  present  case  because  it  is  unlikely  to  result 
in  any  contamination  (some  procedures  may  leave  a  residue  in  the  crack 
or  pores  present). 


Ultrasonic  Velocity  Measurements 


The  measurement  of  velocity  presents  a  means  for 
determining  properties  of  interest  by  direct  calculation  using  well 
known  equations  where  applicable,  and  by  establishing  correlations 
between  quantitative  NDT  measurements  and  material  properties.  In 
regard  to  elastic  properties,  for  example,  the  relationship  between 
wave  velocities  and  physical  properties  can  be  seen  from  several 
equations  such  as; 


r  Y  (1  -  CT)  ,  1/2  _  r  K+  3/4(i 

L  ~p“  (l  +  v]  (i  rzcr)J  *1 — p — 


1/2 


(2) 


(3) 


where: 

VL  »  longitudinal  wave  velocity 

VT  a  transverse  wave  velocity 

Y  a  Young's  modulus 

CT  =  Poisson's  ratio 

p  a  density 

K  a  bulk  modulus 

a  shear  modulus 

While  the  above  equations  are  written  for  an  extended  isotropic  media  and 
represent  an  over  simplification  when  "non-ideal"  materials  are  con¬ 
sidered,  empirical  correlations  between  the  nondeBtructively  determined 
wave  velocities  and  the  destructively  determined  physical  properties  are 
to  be  expected.  Eq.  2  is  of  particular  interest.  Since  is  primarily 
responsive  to  the  modulus/density  ratio,  process  variation  leading  to 
modulus  changes,  either  total  or  in  a  given  direction  (such  as  preferred 
orientation  in  elastically  anisotropic  materials  or  small  amounts  of 
11  stiffening"  impurities)  will  show  up  as  a  change  in  sound  velocity.  In 
some  materials,  depending  on  the  stress-strain  relationship,  variation 
in  internal  stress  levels  will  also  be  indicated.  While  not  of  immediate 
interest  in  this  program  velocity  tensile  strength  determinations  are  also 
common  for  brittle  materials.  The  present  velocity  measuring  system 


is  capable  of  making  velocity  determinations  to  a  precision  of  about  1%, 
Again,  if  test  results  indicate  a  relationship  between  velocity  and  oxida- 
tion  resistance,  more  refined  techniques,  capable  of  greater  precision, 
are  available  if  required. 

6.  Ultrasonic  Defect  Detection 


Because  of  the  very  large  ultrasonic  impedence  dif¬ 
ferences  between  gases  and  solid  materials,  ultrasonic  energy  is  very 
efficiently  reflected  at  solid  material/air  interfaces.  Such  interfaces 
occur  when  cracks,  bursts,  voids,  etc. ,  are  present  in  solids  and 
ultrasonic  detection  of  such  flaws  is  quite  common.  All  specimens  are 
being  examined  in  this  manner. 

7.  Eddy  Current  Test 

Variations  in  chemical  composition,  phases  present, 
distribution  of  phases,  hardness  and  internal  stress  result  in  changes 
in  the  electromagnetic  properties  of  electrically  conductive  materials. 
These  same  factors  may  well  have  an  influence  on  oxidation  resistance; 
hence,  the  measurement  of  electromagnetic  properties, especially  in  the 
near  surface  layers,  could  provide  a  measure  of  relative  oxidation  resis¬ 
tance.  This  measurement  is  made  by  a  coil  carrying  an  alternating 
electrical  signal  which  is  brought  into  proximity  with  the  electrically 
conductive  specimen,  Eddy  currents  are  induced  in  the  specimen,  and 
some  of  the  energy  contained  in  them  is  dissipated  through  the  action  of 
the  resistivity  of  the  material  encountered.  That  energy  remaining  is 
reflected  back  to  the  exciting  coil  and  is  seen  by  it  as  a  back  impedence. 
Hence,  by  measuring  the  coil  current  (phase,  amplitude,  or  both)  informa¬ 
tion  is  obtained  regarding  the  electromagnetic  properties  of  the  material 
in  the  field  induced  by  the  coil.  The  depth  of  penetration  of  this  field  is 
defined  as  the  depth  at  which  the  induced  field  strength  falls  to  1/e  (37%) 
of  its  value  at  the  surface  and  can  be  calculated  from: 


where: 


lrelpo 


1/2 


6  =  depth  of  penetration 

f  =  exciting  frequency  in  cps 

ppQ  s  ratio  of  resistivity  of  material  to  that  of  copper 
=  relative  permeability  of  material 


(4) 


The  first  group  of  10  ZrB2  specimens  were  examined  at  frequencies  of  60 
kilocycles  per  second  (kc),  500  kc  and  8  megacycles  per  second  (me). 
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These  frequencies  correspond  to  penetration  depths  o£  about  0.030  inch, 
0.011  inch  and  0.003  inch,  respectively.  Significant  differences  were 
noted  between  ends  and  between  specimens  at  60  kc,  but  not  at  the  higher 
frequences.  Since  different  instruments  were  used  at  the  different  fre¬ 
quencies,  it  is  probable  that  the  tests  were  conducted  using  different 
sensitivities;  normally,  however,  one  would  expect  the  60  kc  results  to 
be  enhanced  at  the  higher  frequencies,  and  they  were  not.  As  indicated 
above,  failure  to  observe  differences  at  the  higher  frequencies  may  be 
due  to  instrument  difference,  or  it  may  be  that  the  extreme  surface 
layers  are  more  uniform  than  the  immediate  subsurface  layers.  In  any 
event,  the  60  kc  results  should  be  compared  with  oxidation  behavior. 

B.  Nondestructive  Test  Results  for  ZrB;>(A-3) 

The  results  obtained  on  samples  ZrB£(A-3),  Nos.  1-30  are 

as  follows: 

1.  Radiography 

150  PkV,  10  mAfor  2  minutes;  film-foca1  distance 
equal  to  24  inches ,  Eastman  Kodak  Type  AA  film  with  screens.  All  30 
specimens  were  exposed  in  the  axial  and  90°  separated  radial  direc¬ 
tions.  The  radiographs  exhibited  a  complete  lack  of  image  resulting 
from  insufficient  penetration.  Samples  11-30  were  radiographed  at 
300  PkV,  10  mA  for  1  minute;  film-focal  distance  equals  36  inches; 
Eastman  Kodak  Type  AA  film  with  screens.  These  specimens  all 
appear  free  of  radiographically  detectable  gross  defects  (voids,  inclu¬ 
sions,  groBs  segregation).  The  radiographs  exhibited  satisfactory 
penetration  in  the  axial  and  radial  directions  as  a  result  of  the  300  PkV 
exposure. 

2.  Ultrasonic  Defect  Detection 

The  pulse  echo  technique  at  1  MHz  was  used  in  the 
axial  direction.  No  significant  discontinuities  were  observed. 

3.  Surface  Visual  and  Crack  Inspection 

Binocular  microscope  (40X)  and  alcohol  wipe  inspec¬ 
tion  of  all  specimens  gave  no  indication  of  cracks. 

4.  Ultrasonic  Velocity 

The  through  transmission  technique  at  1. 0  MHz  was 
used  to  obtain  transit  time  values,  from  which  longitudinal  wave  veloci¬ 
ties  (VjJ  in  the  axial  direction  could  be  obtained.  These  values  are 
listed  in  Table  15,  This  test  is  responsive  to  modulus  (consequently 
preferred  orientation)  and  density  variations.  It  will  also  indicate 
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changes  in  internal  stress  condition  from  specimen  to  specimen.  The 
accuracy  of  this  technique  is  +1%,  and  A-3-15,  16,  20  and  23  exhibited 
values  of  Vj^  which  are  significantly  outside  these  limits. 

5.  Radiation  Gauging 

The  through  transmission  gamma  radiation  technique 
(10  millicurie  cobalt  60)  was  employed  to  measure  the  densities  shown  in 
Table  15.  The  calculated  mass  attenuation  coefficient  (g/p)  of  ZvB%  at 
an  energy  of  1. 1  Mev  is  0.047  cm 2/ gm.  The  experimentally  determined 
value  was  0. 044  cm^/gm.  The  statistical  precision  is  0.  33%  for  a  30 
second  counting  time  (102,  000  counts).  It  was  assumed  that  a  radio-* 
metrically  determined  density  difference  of  approximately  1%  is  adequate. 
This  difference  is  greater  than  the  precision  of  measurement  so  that  a 
density  difference  of  1%  is  meaningful.  To  achieve  this  level  of  density 
difference  detection,  the  criterion  for  the  minimum  value  of  the  linear 
attenuation  coefficient  for  a  material  is  that  it  exceeds  0. 12  cm*1  for  a 
nominal  thickness  of  one  inch.  The  linear  attenuation  coefficient  of 
ZrB?  for  gamma  rays  at  0.246  Mev  is  0.246  cm1*1  or  twice  the  value 
required  by  the  minimum  observability  criterion.  Specimens  A-3-1, 
A-3-11  and  A- 3 -22  were  the  only  cases  where  the  observed  density  dif¬ 
fered  by  more  than  +1%  from  the  mean. 

6*  Eddy  Current  Measurements 

Probe  coil  measurements  at  500  kHz  and  8  MHz 
provided  no  indications  of  significant  variability.  Probe  coil  measure¬ 
ments  at  60  kHz  using  the  Magnatest  FM-100  conductivity  meter  did 
provide  significant  variation  in  the  percent  International  Annealed 
Copper  Standard  (%IACS)  values.  The  measurements  obtained  on  both 
ends  of  each  cylindrical  specimen  are  shown  in  Table  15.  The  range 
of  values  exceeds  the  0. 05  (%IACS)  measurement  precision*  This  test 
is  sensitive  to  change  in  chemistry,  micro  structure  and  internal  stress 
levels.  Specimens  numbered  A-3-18  and  A-3-12  represent  the  extreme 
deviations  from  the  mean. 

C.  Nondestructive  Test  Results  for  HfB2  l(A-2),  JTA(D-13) 

anarjTowi^ms) -  -  - - - 

Nondestructive  testing  of  a  series  of  twenty- four  H£B2.  l 
(A-2)  cylinders  numbered  (A-2)-l  through  (A-2)-24,  ten  JTA(D-13) 
cylinders  numbered  (D-13)-l  through  (D-13)-10  and  eleven  JT0981 
(F-16)  cylinders  numbered  (F-.l6)-l  through  (F-16)-ll  have  been  per¬ 
formed.  The  JTA(D-13)  cylinders  were  all  cut  from  billet  5/E/17/2 
while  the  JT0981  (F-16)  cylinders  were  cut  from  billet  5/F/2/1.  All 
cylinders  were  oriented  with  their  axis  parallel  to  the  pressing  direc¬ 
tion.  In  addition,  nondestructive  testing  of  a  series  of  twenty  models 
exposed  in  the  Cornell  Aeronautical  Laboratory- Wave  Superheater 
Tunnel  was  performed.  Radiographic,  gamma  radiometric,  ultrasonic, 
magnetic,  and  visual  methods  employing  dye  penetrants  were  employed. 
These  methods  have  been  described  in  Section  B.  Nondestructive  testing 
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ofHfBj  i{A-2),  JTA(D-13)  and  JT0981(F-16)  was  initiated  when  it  was 
noted  uat  the  HfBj,  i(A-2)  material  exhibited  nonuniform  density  re¬ 
gions  near  the  center  of  the  one -half  inch  diameter  by  one  inch  long 
cylinder  and  chipped  and  cracked  easily  on  machining.  This  behavior 
was  not  noted  in  earlier  studies  (1)  and  was  attributed  to  Carborundum's 
limited  experience  in  pressing  hafnium  diboride.  The  ZrB->(A-3)  and 
HfB2+SiC(A~4)  material  supplied  by  Carborundum  did  not  show  similar 
features  and  was  machined  without  incident.  Testing  of  JTA(D-13)  and 
JT0981(F-16)  was  initiated  when  the  first  series  of  arc  plasma  tests  on 
these  materials  produced  a  high  frequency  of  thermal  shock  failures  (see 
Section  IIB,  Part  III-Vol.III)  JTA(D- 13)-21M,  22M,  23M,  24M  and  JT.0981 
(F-16)-21M,  22M,  23M,24M.  The  general  results  of  the  nondestructive 
testing  are  discussed  below.  Detailed  quantitative  test  values  are  shown 
in  Tables  16  through  18. 

1.  Ultrasonic  Velocity 

Longitudinal  wave  velocity  values  were  determined  at 
a  frequency  of  1  MHz  for  the  HfB2.  It  JTA  and  JT0981  specimens,  both 
in  the  axial  and  radial  directions.  ‘The  overall  test  accuracy  and  pre¬ 
cision  were  each  approximately  1  percent.  Consequently,  those  speci¬ 
mens  exhibiting  a  variability  exceeding  1  percent  from  the  average 
velocity  value  should  be  examined  to  determine  if  velocity  measure¬ 
ments  reveal  a  useful  correlation  with  destructive  test  results,  The 
ranges  noted  in  the  Tables  for  each  specimen  type  exceed  1  percent,  so 
that  at  least  the  extremes  should  be  examined.  In  particular,  H£B2. 1 
specimens  numbered  17  and  21  gave  extreme  values  in  both  axial  and 
radial  directions.  JTA  specimens  numbered  1,  6  and  9  and  JT0981 
specimens  numbered  1,  4  and  11  also  gave  extreme  values. 

2.  Eddy  Current  Measurements 

Probe  coil  measuremens  were  performed  at  60  KHz, 
500  KHz  and  8  MHz  for  the  HfB?  l  specimens,  and  at  500  KHz  for  the 
JTA  and  JT0981  specimens.  Sixty  KHz  and  eight  MHz  measurements 
were  insensitive  to  the  JTA  and  JT0981  specimens.  Relative  values 
of  current  were  obtained;  the  extreme  values  were  found  to  be  much 
greater  than  the  precision  of  measurement  noted  in  the  tables  for  each 
frequency.  In  particular,  examination  for  possible  correlations  should 
be  given  to  at  least  HfB2,  i  specimens  numbered  19,  21  and  24,  where 
frequencies  of  500  KHz  and  8  MHz  are  found  to  yield  the  moat  sensitive 
tests.  Also  JTA  specimens  numbered  6  and  9,  and  JT0981  specimens 
numbered  1,  4  and  9  should  be  given  special  attention. 

3.  Radiography 

The  H£B2, 1  specimens  were  inspected  by  Arnold 
Greene  Testing  Labs,  The' JTA  and  JT0981  specimens  were  inspected 
at  Avco/SSD.  All  H£B2,i  specimens  exhibit  low  density  regions  that 
extend  radially  from  the  axis  at  a  cylinder's  midsection.  No  non¬ 
uniformities  were  observed  for  the  JTA  and  JT0981  specimens. 
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4.  Surface  Crack/Porosity  Inspection 

Dye  penetrants  were  used  to  observe  surface  cracks 
and  open  porosity  for  the  H£B?  i  specimens.  Circumferential  porous 
bands  were  noted  for  all  specimens  except  those  numbered  4,  9  and  21. 
Surface  cracks  were  noted  for  specimens  numbered  4,  5,  6,  9»  11 ,  12, 
14,  15  and  21.  The  alcohol-wipe  technique  was  used  to  observe  surface 
cracks  for  the  JTA  and  JT0981  specimens.  All  specimens  appeared 
free  of  cracks. 


5.  Surface  Visual  Inspection 

All  specimens  were  visually  observed  under  magni¬ 
fication.  Surface  cracks  were  observed  for  H£B2,l  spec 'mens  num¬ 
bered  6,  9,  14,  15,  16  and  24,  All  H£B2, 1  were  noted  to  be  chipped. 

For  the  JTA  and  JT0981  specimens,  no  surface  cracks  were  observed 
but  small  scratches  and  chipping  were  noted  for  moat  of  the  cylinders. 

D.  Nondestructive  Testing  of  CAL-Wave  Superheater  Models 

A  total  of  twenty  specimens  have  been  nondeatructlvely 
evaluated  employing  techniques  similar  to  those  used  previously. 

These  specimens  were  finished  in  various  geometries  and  consisted 
of  various  compositions  of  hafnium,  tungsten,  sirconium  and  silicon 
and  of  graphite.  Of  the  five  techniques  used,  only  X-ray  radiography 
and  visual  and  penetrant  inspections  yielded  meaningful  results.  Ultra¬ 
sonic  velocity  and  eddy  aurrent  measurements  were  influenced  to  a  much 
greater  degree  by  specimen  geometry  than  they  were  by  material  vari¬ 
ability  for  these  geometries  exhibiting  oxtreme  curvatures  relative  to 
probe  dimensions.  Consequently,  it  is  appropriate  that  at  least  part 
of  the  nondestructive  evaluation  in  the  future  be  performed  on  flat-faced 
specimens  prior  to  their  final  machining. 

Radiography  at  1 , 0  Mev  was  performed  by  Arnold  Greene 
Testing  laboratories,  Inc.  on  the  hafnium  and  tungsten  composites. 

Avco  radiographed  the  aircohium  and  silicon  composites  and  the  gra¬ 
phite  specimens  at  150  kv,  The  detailed  results  are  included  in 
Tables  19  and  20,  The  tables  also  contain  comments  on  the  specimen 
geometries  as  interpreted  visually  and  radiographically.  Of  the  eight 
hafnium  and  tungoten  composite  specimens,  only  specimen  number  Kf~ 
Ta*Mo(I-23)-3-Q  contained  a  possible  serious  nonuniformity,  this  being 
a  0, 040  inch  diameter  low  donsity  region  located  at  the  tip.  The  re¬ 
maining  twelve  specimens  all  exhibited  apparent  geometrical  irregulari¬ 
ties  as  indicated  In  Table  24.  High  density  flecks  or  particles  were  ob¬ 
served  in  specimen  numbers  ZrB2(A-3)-24-3,  JT0992(F-15)-X-9*  JTA 
(D-13)-X-7  and  JT098i(F-16)-X-f0),  The  latter  throe  specimens  con- 
trined  these  flecks  throughout  their  volume. 

Specimen  ZrBjWA-S) -24-3  contained  three  25  mil  high 
density  particles,  two  of  which  were  located  near  the  tip.  Failure  of 
this  model  in  thermal  shock  may  posnibly  be  traced  to  these  inhomo  > 
geneitiee. 


Fluorescent  dye  penetrants  were  used  to  detect  surface 
cracks  and  open  porosity  for  the  hafnium,  tungsten,  and  zirconium 
composite  specimens.  Specimen  HfB2  j (A- 2)- X- 1  exhibited  a  band 
of  porosity  on  the  wall,  as  well  as  two  cracks  at  the  base.  Speci¬ 
mens  HfB2+SiC(A-4)-X-4  and  ZrB2(A-3)-24-3  each  exhibited  two 
l/4  inch  long  cracks  at  their  base,  while  specimen  ZrB^(A-3)-l-2 
exhibited  three  l/4  inch  long  cracks  at  its  base  and  wain  No  im¬ 
perfections  were  noted  for  the  remaining  composites  in  the  group. 

An  alcohol  wipe  test  was  used  to  locate  surface  cracks 
in  the  composites  and  graphite  specimens.  All  specimens  appeared 
free  of  cracks  except  as  noted  above. 

Results  of  visual  examination  of  the  twenty  specimens 
using  40X  magnification  are  listed  in  Table  19.  Several  specimens 
were  observed  to  have  the  edges  of  their  bores  chipped.  Specimen 
RVA(B-5)-X-5  has  a  large  pit  and  a  few  porous  areas  on  its  hemi¬ 
spherical  cap.  Specimens  PG(B-6)-X-6  and  BPG(B-7)-X- 16  have 
porous  areas  on  their  walls,  while  BPG(B-7)-X-l6  also  has  a  chipped 
base  and  a  flattened  side. 


E.  Nondestructive  Testing  of  Models  Employed  in  Ten- Megawatt 

Arc  'Tests . . . . '  ' 

A  series  of  thirty-eight  boride  and  boride -silicon  carbide 
composite  cylinders  prepared  for  high  flux  testing  in  the  Avco  10 
Megawatt  Arc  facility  have  undergone  nondestructive  testing  both 
before  and  after  exposure  to  the  arc.  The  materials  were  subjected 
to  ultrasonic  velocity,  eddy  current  measurement,  dye  penetrant,  and 
visual  tests.  The  materials  tested  were  HfBz,  i(A-2)  and  (A-6),  ZrBo 
(A- 3)  and  (ManLabs-Avco),  HfB2.  i+20v/oSiC(A-4)  and  (A-7),  Boride 
Z  in  numerical  order  along  with  results  of  the  nondestructive  tests 
performed.  All  cylinders  were  0.875"  diameter  by  0.750"  long  except 
for  the  HfB2  i+20v/oSiG(A-4)  and  (A-7-HF-32, 33, 34)  specimens.  The 
general  results  of  the  nondestructive  testing  are  discussed  below. 

1 .  Ultrasonic  Velocity 

Longitudinal  wave  velocities  were  measured  for  speci¬ 
mens  Hf-1  through  HF-24,  at  a  test  frequency  of  1.0  MHz,  in  both  the 
axial  and  radial  directions.  Transverse  wave  velocities  were  measured 
for  this  group  in  the  axial  direction  at  frequencies  of  1. 0  MHz  and  2.25 
MHz.  Table  21  lists  quantitative  results  of  ultrasonic  velocity  determin¬ 
ations  for  these  specimens.  The  over-all  test  accurracy  and  precision 
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were  each  approximately  one  percent.  All  specimens  tested  fall  within 
this  range  of  accuracy  with  the  possible  exception  of  Boride  Z(A-5-HF- 
1 1)  which  exhibited  a  low  longitudinal  wave  velocity  in  the  axial  direction 
relative  to  the  other  Boride  Z  specimens  tested.  While  the  significance 
of  ultrasonic  attenuation  measurements  in  these  materials  has  not  been 
established,  results  of  these  measurements  are  included  in  Table  21. 

A  concurrent  laboratory  development  of  attenuation  measuring  techniques 
and  their  significance  in  these  materials  is  planned, 

2.  Eddy  Current  Measurements 

Probe  coil  measurements  were  performed  on  the  flat 
faces  of  specimens  HF-1  through  HF-24  at  frequencies  of  60  KHz,  500 
KHz,  and  8  MHz.  The  60  KHz  measurements  are  reported  in  percent 
of  the  International  Annealed  Copper  Standard,  while  the  500  KHz  and  8  v 
MHz  measurements  are  in  arbitrary  units.  Table  21  lists  quantitative 
results  for  these  measurements.  The  precision  for  these  tests  is  bet- . 
ter  than  3%  at  60  KHz  and  better  than  20%  at  500  KHz  and  8  MHz.  Az 
in  the  ultrasonic  velocity  measurements,  the  most  obvious  inconsistency 
was  foi  Boride  Z(A-5-HF-l  1)  on  the  top  face  of  the  specimen*  Tests  at 
all  frequencies  gave  significantly  different  results  from  the  other  Boride 
Z  specimens.  Most  of  the  other  materials  again  showed  no  significant 
differences.  >■> 

3.  Other  NDT  Results 

-  ji,. 

Visual  inspection  of  specimens  HF-1  through  HF-24 
revealed  that  virtually  all  had  chipped  edges.  A  large  chip  was  found 
in  Boride  Z(A-5-HF-12).  Specimen  Boride  Z(A-5-HF-9)  had  a  crack 
on  one  face  while  specimens  ZrB2(ManLabs-Avco  HF-17)  andH£Bj».  1 
(A-6-HF-20)  had  microcracks  on  their  surfaces.  Fluorescent  pene¬ 
trant  inspection  did  not  reveal  additional  information  on  this  group  of 
specimens.  However,  all  of  the  HfBg,  i+20v/oSiC(A-4)  specimens 
inspected  showed  a  circumferential  porous  band  near  their  center,  ap¬ 
proximately  1/4"  wide.  This  band  is  a  result  of  a  low  density  region 
within  the  billet  from  which  these  specimens  were  core  drilled.  Table  22 
shows  visual,  fluorescent  penetrant  and  radiographic  results  for  some 
of  the  specimens  before  and  after  exposure  to  the  arc. 


F.  HOT  Results  for  Hypereutectic  Carbide  H£C+C(C-1 1)  and 
3rCTC(CnrZV  Billets - - 1 - 1 - 

The  surfaces  of  the  thirteen  HfC+C(C-l  1)  and  seven  ZrC-t 
C(C-12)  billets  were  examined  at  M&nLabs,  Inc.  upon  receipt  from 
Battelle  Memorial  Institute.  Most  of  the  HfC+C  billets  and  all  of  the 
ZrC+C  billets  were  found  to  have  surface  flaws,  primarily  holes  and 
voids.  Such  flaws  can  only  be  attributed  to  gas  bubbles  becoming  en¬ 
trapped  during  the  drop  casting  process.  Radiographs  supplied  by 
Battelle  showed  that  many  billets  contained  internal  gas  holes 
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several  billets  contained  centerline  pipes  up  to  1/2"  long.  A  summary 
of  the  visual  and  radiographic  inspection  results  are  given  in  Table  22. 
Figure  39  shows  the  appearance  of  some  of  the  defects  found  within  the 
billets.  Wherever  possible,  such  defects  will  be  avoided  in  preparation 
of  specimens  from  the  billets  in  question. 

G.  NDT  Results  for  Crosscut  JTA(D-13)  Cylinders 

An  attempt  was  made  to  systematically  eliminate  some  of 
the  variables  which  might  be  contributing  to  the  high  frequency  of 
thermal  shock  failures  observed  in  the  arc  plasma  testing  of  JTA(D-13) 
and  JT0981(F-16).  A  series  of  eleven  JTA(D-13)  cylinders  numbered 
D-13-31M  through  D-13-41M  have  been  prepared  for  testing  in  the 
Model  500  Arc  facility  by  core  drilling  the  cylinders  perpendicular  to 
the  billet  axis  rather  than  parallel,  as  was  the  case  for  all  previous 
specimens.  These  specimens  are  currently  undergoing  arc  plasma 
tests,  and  results  should  indicate  whether  or  not  inhomogeneities 
introduced  by  the  fabrication  process  contribute  to  thermal  shock  failures. 
Radiographic  and  alcohol  wipe  tests  showed  no  nonuniformities  existed  in 
any  of  these  cylinders. 

H.  NDT  Results  for  Ir/ Graphite  (1-24)  Cylinders 

Nineteen  Ir/ Graphite  (1-24)  cylinders  received  from  Battelle 
Memorial  Institute  were  examined  visually  at  ManLabs,  Inc.  Specimens 
2,  3,  4  and  6  appeared  rusted  in  color  rather  than  metallic.  X-ray  analy¬ 
sis  of  these  ap'  ,imens  revealed  a -Fe2C>3  to  be  present,  indicating  that 
the  lack  of  ou.  ,assing  of  these  specimens  caused  a  reaction  with  the 
steel  contain  <•  to  occur  during  pressure  bonding.  The  results  of  fluores¬ 
cent  penetrtHt  and  radiographic  inspections  of  all  cylinders  are  summarized 
in  Table  22.  The  coating  exhibited  porosity  in  all  specimens  at  the  junc¬ 
tion  of  the  front  face  and  side  wall,  while  specimens  13  and  18  had  cracks 
in  their  coatings.  Other  specimens  were  found  to  have  low  density  re¬ 
gions,  scales,  and  spotty  surface  build-up  of  their  coatings.  Attempts 
to  measure  the  thickness  of  the  coatings  were  inconclusive  due  to 
surface  irregularities. 


Specimens  were  tested  at  Avco/SSD  using  a  60  KHz  eddy 
current  conductivity  meter  and  comparing  the  results  with  an  iridium 
foil  standard.  A  calibration  curve  was  established  by  stacking  0.  010" 
thick  iridium  shims  and  making  eddy  current  readings  on  several  thick¬ 
nesses.  The  shims  were  placed  upon  a  graphite  block  to  see  the  influ¬ 
ence  of  the  graphite  and  to  more  closely  simulate  the  actual  test  speci¬ 
mens.  It  was  found,  however,  that  the  graphite  exerted  negligible  effect 
on  the  eddy  current  reading.  Figure  68  ahowa  the  calibration  curve  ob¬ 
tained  at  0,010",  0.020"  and  0.  030"  thicknesses.  After  calibration,  the 
specimens  were  tested  and  the  data  recorded.  Several  specimens  showed 
a  severely  irregular  front  surface  and  could  not  be  adequately  tested  be¬ 
cause  of  the  need  for  a  1/4"  flat  face  to  suit  the  transducer  requirements. 
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Results  o£  these  tests  are  given  in  Table  14  for  the  CTC 
material  and  Table  22  for  the  Battelle  material.  Although  the  eddy 
current  technique  does  not  give  precise  thickness  measurements,  it 
does  seem  to  yield  a  fair  approximation  of  the  front  face  thickness 
of  the  iridium  coatings  on  graphite. 
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Plate  No.  4391 
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etched  with  10  Glycerine  5  HNO3  3HF  jjsoX 

Figur.  1.  HtB2-1  (A-2),  1/2"  Diam.  B.r,  Longitudinal  Section. 
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Plate  No.  4437a 


Pullout 


Etched  with  10  Glycerine  5  HN03  3 HP  250X 

Figure  2.  HfB2t  1  (A-2),  1/2"  Diam.  Bar,  Traneverae  Section 
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Etched  with  10  Glycerine  5  HN0^3HF  250X 

Figure  3.  ZrBg  (A-3),  1/2"  Diam.  Bar,  Longitudinal  Section. 


Plate  No.  4305 


Figure  4.  ZrB2  (A-3),  1/2"  Diam.  Bar,  Transverse  Section. 
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Figure  5.  HfB^  +  SIC  (A-4),  1/2"  Diam.  Bar,  Longitudinal  Section. 
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Etched  with  10  Glycerine  5HN03  3HF  250X 

Figure  6.  HfB-,  +  SiC  (A-4),  1/2"  Diam.  Bar,  Transverse  Section. 


Plate  4209 


Etched  with  10  Glycerine  5HNO3  X250 


Figure  7.  Mlcroetructural  Characteristic  a  ef  Large 

Bar  (1.0U  diameter  x  2.0“  long)  Carborundum 
Boride  Z  (A- 5), 


Etched  with  10  Glycerine  5HNO3  3HF  X250 


Plate  4205 


Figure  8.  Mlcroetructural  Characteristics  of  Small 

Bar  (0,5’'  diameter  x  1,0"  long)  Carborundum 
Boride  Z  (A-5). 
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Plate  4739 


Etched  with  10  Glycerine  5HN03  3HF  "  X250 

Figure  9.  Microstructural  Characteristics  of  HfB3  j(A-6) 
Density  a  10,25  gmi/cm3,  95.9%  of  Theoretical 
Density. 
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Plate  4738 


X250 


Etched  with  10  Glycerine  5HN03  3HF 

Figure  10.  Microstructur&l  Characteristic t  of  HfB*  i  (A-6) 
Density  «  9.53  gma/cm  ,  89. 1%  of  Txeoretical 
Density. 
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Eteched  with  10  Glycerine  5HN03  3HF  X?.50 


Plate  4493 


Figure  l  l.Mlcr  ©structural  Characteristic  a  of  H£B2  i  +  SIC  (A-7) 

(Twenty  Volume  Per  Cent  SIC)  Density  ■‘9.26  gms/cm3, 
97.5%  of  Theoretical  Density. 


Figure  12.  Mlcrostructural  Characteristics  of  HfBg,  i  +  SiC  (A-7) 

(Twenty  Volume  Per  Cent  SiC)  Density  ■*  7.84  gms/cm3, 
82.5%  of  Theoretical  Density. 


Etched  with  10  Glycerine  5HNOj  3HF  X250 

Figure  13.  Microstructural  Characteristic •  01  ZrB2  4*  SiC  (A-8) 

(Twenty  Volume  Per  Cent  SiC)  Density  ■&.47  gms/crn3, 
100%  of  Theoretical  Density. 


Etched  with  10  Glycerine  SHNOj  3HF  X250 

Figure  14,  Microstructural  Characteristics  of  ZrB*  4  SiC  (A-8) 

(Twenty  Volume  Per  Cent  SiC)  Density  «5.  02gms/cm3, 
91.8%  of  Theoretical  Density. 
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Plate  4454 


Etched  with  10  Glycerine  5HNQ3  3HF 


X250 


Figure  15.  Micro*«tuctural  Che racterlstic a  of  HfB2  +  SiC  (A-9)  , 

(Thir/ty-Fivs  Volume  PerCent  SiC)  DensityaS,  57gms/cm3t 
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Plate  No.  5059 


Unetched  X500 

Figure  17.  Microstructural  Characteristic*  of  ZrBz  + 
1 4%SiC  +  30%C(A-10)  Longitudinal  Section. 


Unetched  X500 


Figure  18.  Microstructural  Characteristic*  o i  ZrB?  + 
14%SiC  +  30%C(A-10)  Transverse  Section. 
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Figure  22.  Boron  Pyrolytic  Graphite  (B-7),  Longitudinal 
Section,  Polarised  Light. 


Plate  No.  8147 


Unetched 

Figure  23.  Boron  Pyrolytic  Graphite  (B-7),  Transverse 
Section,  Polarized  Light. 
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Plate  4712 


Figure  24.  Microstructural  Characteristics  of  RVC  Graphite 
(B-8)  Longitudinal  Section. 


Unetched 


X250 


Figure  25.  Microstructural  Characteristics  of  RVC  Graphite 
(B-8)  Transverse  Section. 
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Unetched 


XI  75 


Figure  26,  SiC  Coating  on  RVC{B-8)  Longitudinal  Section. 

Distance  between  Numbered  Divisions  Equals 
3.94  Mils. 
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Figure  27 ,  SiC  Coating  on  RVC(D-8)i  Transverse  Section. 
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Figure  28.  Microatructural  Characteristics  of  PT0178  Graphite 
(B-9)  Longitudinal  Section. 


Poroeity 


Plate  4725 


Unetched  X250 

Figure  29.  Microstructural  Characteristics  of  PT0178  Graphite 
(B-9)  Transverse  Section. 
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Plate  4715 


Unetched  (a)  X250 

Figure  30.  Microstructural  Characteristics  of  Poco  Graphite 
(B-10)  Transverse  Section. 
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Unetched  (b)  X500 

Figure  31.  Microstructural  Characteristics  of  Poco  Graphite 
(B-10)  Transverse  Section. 
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Figure  32.  Microstructural  Characteriatics  ot  AXF-5Q  Poco 

Graphite  (B-10).  1.5%  Parlodion  Replica  Shadowed 
with  Chromium  at  60°  Angle. 
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Plate  No.  381 3D 


Figure  33.  Mlcrostructural  Characteristics  of  AXF-5Q  Poco 
Graphite  (B-10).  1 . 5%  Parlodion  Replica  Shadowed 

with  Chromium  at  60°  Angle. 
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Figure  39.  Radiographs  of  Hypereutectic  Carbide  Billets:  (a) 

HfC  +  C(C-ll)  Billet  1416A  with  Internal  Gas  Holes, 

(b)  ZrC  +  C(C-12)  Billet  1467A  with  Center-line  Pipe, 

(c)  ZrC  +  C  Billet  1420A  with  No  Internal  Voids.  (Full 
Scale) 
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Figure  40.  JTA  (D-13),  Longitudinal  Section. 
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Figure  41.  JTA  (D-13),  Transverse  Section. 
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Figure  42.  "KT"  SiC  (E-14),  Longitudinal  Section.  While 
Moat  of  the  Black  Areas  Are  Probably  Pull- 
Out,  Some  Have  Been  Found  to  Be  Carbon. 
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Plate  No.  4435 
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Figure  43.  "KT"  SiC  (E-14),  Transverse  Section. 
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Figure  47.  JT0981  (F-16),  Longitudinal  Section. 


Figure  48.  JT0981  (F-16),  Transveroe  Section. 


Figure  53.  WSi^  Coating  on  Tungsten  (G-18)  Longitudinal  Section  on 
Top  Face  of  Cylinder.  One  Division  Equals  0.  394  Mils.* 
(Fissures  in  Coating  have  been  Accentuated  by  Mechanical 
Preparation). 


Distance  between  numbered  divisions  is  equal  to  3,94  mils. 


Etched  with  Murikami's  Reagent  X500 

Figure  56.  Microstructural  Characteristics  of  W  +  Zr  +  Cu  (G-20) 
Transverse  Section.  Tungsten  Grains  are  Light. 


Plate  No.  5055b 


Unetch>:d  X500 

Figure  57.  Microstructural  Characteristics  of  W  +  Ag  (G-21) 
Transverse  Section.  Silver  Infiltrant  is  Light. 
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Unetched  (a)  X250 

Figure  58.  Microstructural  Characteristics  of  Si02-68.5  w/o  W 
(H-22)  (Twenty- One  Volume  Per  Cent  W).  Density 
5.70  gms/cm^  Longitudinal  Section. 


Unetched  (b)  X250 

Figure  59.  Microstructural  Characteristics  of  SiOy-bS.  5  w/o  W 
(H-22)  (Twenty-One  Volume  Per  Cent  W).  Density 
5.  70  gms/cm3  Transverse  Section. 
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Plate  4723 

Tungsten  Particles 
SiCL 


Unetched 
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Figure  60.  Microstructurai  Characteristics  of  SiO3»-60  w/oW 
(H-23)  (Seventeen  Volume  Per  Cent  W).  Density 
4.80  gms/cm3  Transverse  Section. 
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Plate  4718 


Tungsten  Particles 


X250 


Figure  61.  Microstructurai  Characteristics  of  Si02-35  w/o  W 

(H-24)  (Six  Volume  Per  Cent  W).  Density  3.20  gms/cm^ 
Transverse  S  . .  j  . 
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Unetched 


X2.87 


Figure  66.  Ir/C  (1-24)  Iridium  Coated  Poco  Graphite  Longi¬ 
tudinal  Section.  One  Inch  Scale. 


Etched  Elect rolytically  in  20%  HC l  in  a  X89 

Saturated  Solution  of  NaCI  in  Water 

Figure  67.  Iridium  Coating  on  Top  Surface  of  Ir/C  (1-24), 

One  Division  Equals  0.788  Mils.  Coating  Thick¬ 
ness  equals  23.  6  mils,  Graphite  at  Right. 
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TABLE  2 


CHARACTERIZATION  OF  TEST  MATERIALS 


MATERIAL)  HB,^,  CODE  (A-2) 

SUPPLIER:  Carborundum  Co. ,  NUgirt  Falla,  New  York 
Qualitative  Awiy»^(R>w  w/^ 


MATERIAL:  ZrBj  ,,  CODE  (A-3) 

SUPPLIER!  Carborundum,  Co. ,  Niagara  Falla,  Now  York 

Qualitative  Analyate  (Range  w/o) 

(JiTroIHAlKToTT  ViOliaRu  Rtn,| 


1.0-0, 1  0,1 -0,01  0,001-0.0001  <0.0001 

Z  r,  TTJ  Si  Fa,  XTTCe  Mg i  V,Cr,  Mn  Cu.  Ag^Sn 

Quantltrtive  Analyele 

Element  w/o(8curce) 

Hi  14.2  (ManLaba) 

Zr*  l,  4  (ManLaba) 

B  10,  65  (ManLaba) 

O  0. 007  (MIT) .  0. 002  (Luvak) 

C  0.21  (ManLaba) 

Ova r -a  11  Atomic  Ratio:  ,  B/(Hf*Zr)  ■  1.97 

Corrected  Atomic  Ratio  !  B/(H(+Zr)  a  2.0? 

Caleulatad  Dioxide:  0.06  w/o 

Calculatad  Mooocarblde:  4,44  w/o 

Caleulatad  Weight  Per  Cent  Diborlde:  90.2 
Phaaee  Identified  by  X-ray:  HfB,,  HfC 

Metallography  Description:  Two  Phaae  , 

Bulk  Density:  10.02  |mi/cm' 

* Bused  on  Zr  ■  i%  Mf, 

+Baeed  on  (HfiZr)  p*  mlnut  (Hf+Zr)  present  aa  dioxide  and  mono, 
carbide,  The  calc  .  wide  baaed  on  the  oxygen  analytic  provided 

by  MIT.  The  Luvak  H  M  appaara  to  be  too  low. 


0.01-0.001 
— TT7S1 — 


Quantitative  Analyala 


0.001-0.0091  <0.0001 

A»rt%,  TOTH,  Co.Cu,  Mn,  Sn 
Ni,  V 


Element  w/o  (Source) 

Zr  79.2,  79.5,  B0. 1  (ManLaba),  79.8  (MIT) 

B  18.36,  IB. Of,  18. 0-  (ManLaba),  18.5  (MIT) 

O  0.1700  (MIT),  0.0066  (Luvak) 

Fa  1,26,  0.15  ( Jarrell* Aah:  quantitative  apectroacopy) 

C  0.26  (MIT),  0.24  (ManLaba) 


Over-all  Atomic  Ratio; 

Corrected  Atomic  Ratio*: 

Calculated  Dioxide: 

Calculatad  Monocarbide: 

Calculated  Weight  Per  Cent  Diboride 
Phaaea  Identified  by  X-ray: 
Metallographlc  Description: 

Bulk  Denaityt 


B/ Zr  •  |,91 
B/Zr  a  1.97 
0.66  w/o 
1,98  w/o 
95.13 
ZrB>,  ZrC 

Single  phase,  equlaxed  grain 

etriidtura 

5.38  gma/cm3 


Baaed  on  Zr  preeent  minus  Zr  preaeat  aa  dioxide  and  monocarbide.  The 
calculated  dioxide  bated  on  the  oxygen  analytic  provided  by  MIT.  The  Luvak 
rcault  appear  a  to  ba  too  low. 


MATERIAL:  HfBJtl  ♦  20  v/o  Sic.  CODE  (A-4) 

SUPPLIER:  Carboritndum  Co. ,  Niagara  Tali  a,  New  York 


Qualitative  Analyala  (Range  w/o) 

(Ta r r el r*A afTCo:  ,~y aWm ,  Tlaee.) 


MATERIAL:  Boride  Z,  CODE  (A*!) 

SUPPLIER:  Carborundum  Co. ,  Niagara  Falla,  Naw  York 
Qualitative  Analyala  (Range  w/o 

m.) 


>10  10-1.0  0.1-0.01  0.01.0.001  0.001-0.0001  <0.0001 
fffTBTSl  Ti  Ca.  P*,  Ti  Cr,  iin.bnTV  Al,cu»  Mg,  Na,  Ag 

Pb,  Zn 


Quantitative  Analyala 
Element  w/o  (Sourcel 

H f  77.9,79.9  (ManLaba) 

Zr*  Z.  4  (ManLaba) 

B  10.3  (ManLaba) 

Si  9.13  (MaaLaba) 

0  O.Of  (MIT) 


C  1,44,  1.72,  1.90  (ManLaba) 


Over-aU  Atomic  Ratio: 

Over-ai:  Atomic  Ratlot 
SIC -Diborlde  Atomic  Ratio: 
Calculatad  Weight  Per  Cent  SIC: 
Calculated  Weight  Per  Cent  Diborlde: 
Pbaaee  Identified  by  X-ray: 
Metallography  Description; 

Bulk  Denaity: 


B/Me  •  2.01 
Cf Si  ■  0.  77 
0.228 
6.3 
92.6 

HfBg,  SIC,  HIC  (trace) 

Two  pl«a#o,  uniform  distribution  ol 
SIC  itt  matrix  of  equiaxed  grain i  of  HfB  r 
9.  36  ♦  .02  gma/cnr 


>10%  10.0-1.0  0.  1-0.01  0,01-0.001 

BTTr  Tl.Uo  — Te —  Xfi’CaTTCU'i 

Quantitative  Analyala 

Element  w/o  (Source) 

Zr  ?0.  1  (MIT) 

B  17.  3  (MIT) 

Si  2,  74  (MtT) 

C  0.8)  (MIT) 

Mo  6.93  (MIT) 

Total  97.90 


Over. all  Atomic  Ratio: 

(Ver-all  Atomic  Ratio: 

Over-all  Atomic  Ratio: 

Calculated  Weight  Percent  Zr0  -Mog  iBt  a: 
Calculated  Weight  Per  Cent  Sic:* 

Phaaea  Idaati/iad  by  X-ray: 

Metallography  Description: 

Bulk  Denaity: 


B/Zr  -  2.08 
B/(Zr  ♦  Mo)  a  1,90 
C/Si  a  0.70 
94.3 
2.1 

ZrB>»  31C 

Two  Phaie  - 

3.  70  groe/cnv 


*  Baaed  on  assumption  that  Zr  a  3%  HI. 
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TABLE  3 


CHARACTERIZATION  OF  TEST  MATERIALS 


MATERIAL!  HfB,  j,  COOK  (A«6) 


SUPPLIER:  ManLabs,  Inc .  and  Avco  8mc«  SyMemi  Division,  Lowell, 
Mas*,,  AF3i(6l5).  3671  (Material  II) 


Qualit  tlw  Analyali  (Range  w/o]  + 
rVta  n  Lab  » ,  Inc . )  "*  " 


0,01.1),  001 

AI,Cu,-Ni,Tl 


0,  001  .0.0001 

- 51 - 


<0.0001 

Ca.CfrMg 


tQii.mtlUUvu  An,,!/*!** 


Over-all  Atcmli  Ratim  ,  B/(Hf+Zr|  *2.02 

Curivc-L-d  Alumle  Rutin0!  B/(Hf*Zr)  >2.10 

CriU'iiluH-d  Dioxide!  0.66 w/o 

Calc-iUted  Munocafbldi:  2.00  w/o 

C<tlt  nlMti'd  Weight  Pi  n  CfiU  Dlbcrldci  94.  H7 


Ph., 

Mi- 


JluL  Density: 


Mint llii'd  by  X-ruy: 
illonraphlc  Duscrlptlui’i 


hib^i  me 

Two  phase,  equiaxed  grain*  of  HfB^ 
having  a  grain  *ise  of  10-25  microns. 
10.69  gms/cm3 


fC)iM  Illative  and  quantitative  analyse*  performed  on  different  billets. 
,:'ILi«i'd  un  (llf+£r)  pryunt  minus  (Hf+Zr)  present  as  dioxide  and 

immocarUlde, 


MATERIAL)  HfBj  l  +  20  v/o  SiC.  COOK  (A-7) 

SUPPLIER)  ManLabs,  Inc.  and  Avco  Specs  System*  Diviaion,  LowtU, 
Maas.  ArU{61J)-)6?J  (Material  lit) 


Qualltativ*  Analyst*  (Rang*  w/o|* 
rWa- lib.,  IncT  * - U 


0.1-0.01 

— n — 


0.01-0,01  0.001-0.0001 
Af.tru.in.'Ti  — Wg - 


<0,0001 

Ca.Cr 


:.leltl»  lit 

sv/o(Suurce) 

Moment 

Ilf 

67,  1  (ManLabs) 

Hf 

Zr 

1,19  (Jarrell. A  h) 

Zr 

R 

10,94  t  Mo  it  Labs) 

B 

c 

Q.lh  (MIT) 

C 

o 

0.10  (MIT) 

o 

Si 

9,12  f  J,.r  .-ell- Ash) 

SI 

Al 

0.12  (J hi- relit. Ash) 

Q part i tatlv  Analysts* 

w/o(5ource) 

10, 02  fMnnUba) 

1.0S  (ManLabs) 

9.76  (ManLabs) 

1,  10  I  ManLaba) 

0.10  (MIT) 

5,91  (ManLabs) 

Over-all  Atomic  Ratio)  B/ Me  •  1,96 

SIC -Dibo rids  Atomic  Ratio)  0.220 

Calculated  Weight  Per  Cell'  SICi  7. 16 

Calculated  Weight  Per  Cent  Dlboridef  92,  30 

Phases  Identified  by  X-ray:  HfBg,  SIC*  HfC  (Trace) 

Meullographic  Description!  Two  phase.  Uniform  distribution  of 

SIC  grains  (4-6m  grain  slat)  within 
#9 uiaaed  grains  of  HIB2  ($M  grain  Slat). 
Bulk  Dsnaityt  9. 03  gms/cm3 

•Qualltativ*  and  quantitative  analyse*  performed  on  different  billets. 


MATERIAL!  2rB;  ,  ♦  20  v/o  SIC,  CODE  (A-«| 

SUPPLIER)  ManLaba,  Inc,  and  Avco  Space  Sy stums  Division,  Lowell, 
Mass.  AF13(615)-J671  (Material  V) 

Qualitative  Analyte  (Range  w/o)*' 

(ManLa'Bsr'fncT^  11 

1 .0-0,  1  0. 1-0,01  0.  QUO. 001 

Pi  a|,  tis,Cu,  Tl 

Hf 

Quantitative  Analysis* 

Element  w/ojSourcu) 


Zr 

B 

C 

O 

Si 


69.97  (ManLabs) 
14,90  (ManLaba) 
2.  96  jManLab*) 
0.24  (MIT) 

0.  35  (ManLabs) 


■  I.  HO 


Over-all  Atomic  Ratio:  B/ M«-  • 

SIC- Dibo  rid*  Atomic  Ratio:  0.244 

Calculated  Weight  Per  Cent  SiC:  11.31 

Calculated  Weight  Per  Cent  Dlborldui  A4. 16 
Phases  Identified  by  X-ray:  Z-rBj,  SiC 

Metallegmphic  Description!  Two  phase,  uniform  distribution  of 

SiC  grains  (4.5m  grain  alee)  within 
equiaxed  grains  of  ZrBj  (0-llfcj  grain 
siau).  , 

Bulk  Density]  5.47  gms/cm  (100%  theoretical 

density) 


MATERIAL!  HfB*  j  +  35  v/o  SIC,  CODE  (A-9) 

SUPPLIER:  ManLabs,  Inc.  ami  Avco  Space  Systems  Division,  Lowell, 
Maes.  ArJJ(615)-J67l  (Material  JV) 

Qualitative  Analysis  (Range  */o) 

rWanLabsrinc.r^  - 1 


0,  1-0,01 

Te.  Tr 


0.01.0,001 

- Cu - 


0,001.0.0001 

TaTN  1.T7 


<0.0001 

'CTTHg 


Phases  Identified  by  X-rayt  HfB2>  SIC,  HfC  (trace) 

Meullographic  Descriptions  Two  phaea,  uniform  distribution  of  SIC  grain* 
(4-Sm  train  ala*)  within  equlaaed  HfBg  grains 
(10m  grain  else)- 

Bulk  Density:  7.7H  gms/cm3 


Qualitative  and  quantitative  anal  yiaa  performed  un  different  billets. 
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TABLE  4 


CHARACTERIZATION  OF  TEST  MATERIALS 


MATERIAL!  ZrBj  *  14*  SIC  ►  W*  C,  CODE  (A- 10) 


MATERIAL;  RVA  Graphite,  CODE  (B-5) 


SUPPLIER;  ManLaba,  Inc <  And  Avco  Space  flyatama  Diviaion,  Lowell 
Mtaa.  AFH(4l«-J4Tl  (Malarial  VW) 

Qualitative  AnalyU*  (Mnn  w/o) 

fMiAMirm.r  — 


>10  i.o.o,  1  0.1*0.01  o.oi-o.oo i 

HTirrif.  "ai.n  Term — rr — 


c 

hum  IdantUiad  by  X-rayt 
Metallography  Daaciiptioa; 

Bulk  Da  rally; 


ZrBg,  SIC,  |r«|»liu 

Uniform  mUturu  of  SiC  grain*  and  graphite 
flaka*  within  equlaxad  grain*  of  ErBj. 

4. SO  gnu/ cm1 


SUPPLIER;  Union  Carbide  Cofp. ,  Now  York,  Now  York 

Qualitative  Analytl*  (Romo  w/o) 

TTiTTSDDCaTi  co*.  ifaltnam,  Mam,) 


10. 1.0  1,0-0, 1  0, 1.0,01 

si,  bo  TTTTrTB*  B,  AfTPo 


o.ouo.ooi 

”wgrr  " 


0,001-0,0001  <0, 0001 

Cr.Cu,  RSI H*\  Ag, NIi  H> 

?<ot 


Quantitative  Analyal*!  Carbon. 99,  2  w/o  (ManLab*,  Inc,) 

Phaaa*  IdanHfUd  by  X-ray;  Graphite,  no  extra  Unas 

Matallographic  Description;  Typical  graph  it  a  ml«  restructure,  fairly  larg* 
grain  aia*  (-0, 1  mm).  Subetantlal  poroalty with 

rora  alan  comparably  to  grain  alia. 

.  79  ♦  O.Oi  gma/cm3 


MATERIAL;  PQ  (Pyrolltlc  Gtfaphlto),  CODE  (B-41 


SUPPLIER; 


Gaaaral  Electric  Co.,  Metallurgical  Product*  Diviaion 
Dat/ok.  Michigan 


Qublitaliva  Analvela  (Rapa*  w/o) 

(14  f  ralTX  BTe, ,«  Bfl».) 


B,  Ca,  Pa,  Mg,  Si  all  la**  thaa  0,0001%  «ach. 

‘  0. 1%  i 


All 

Appro*  Lmaiely 


i  raeldua  oa  igailion  (MaaLabi,  Inc.) 


hnaia  Identified  by  X-rayi 
Matallographic  Duacrlptloat 


Bulk  Duality; 


Crapkiu,  no  antra  line* 

Typical  PG  atructur*.  Station  parallal  to  (001) 
plane  of  deposition  show*  large  hills(-lmm) 

J  em  pa*  ad  of  email* r  hill*,  ■action  parallal  to 
001)  aaia  la  Umailar  ia  appearance. 

S.  la  gmt/cm1 


MATERIAL;  BPG  (Boron  Doped  PyrolUic  Graphite),  CODE  (B«?) 

SUPPLIER;  Hlgb  Temperature  MatarUi*  Diviaion,  Union  Carbide 
Corp. ,  LownlL  Maaa. 


Quaitlativ*  Anaiy*la^R*ng*  w/oj 


(jar r*U. AH  co77  # a 


Hat*,) 


10-1,0  0,001.0, 0001  <0,0001 

B  Ca»  ¥•>  Mg,  Pfk/Sl  Ag,  A#,dr,C.u 

Quantitative  Analyaia;  Carbon-91,  4  w/o  (ManLaba,  Inc • 

Phaaa*  Identified  by  X-ray;  Graphite 

MotaUographlc  Description;  Similar  to  PG  (B.4),  No  aaeond  phaaa 
observed  , 

Bulk  Dana ity ;  l.llgma/cm* 
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TABLE  5 


CHARACTERIZATION  OF  TEST  MATERIALS 


UATEUALi  St/mvc  (SUIcMaUM  »VC  GrapUU).  CODE  <*-*> 

kUPPLUkt  U«Us  C.rkl*.  Coi>. ,  C*rkM  PriUiKt  a  DMalM, 

York,  N««  York 

QgjttUg  Aglg^i  oMUC  W4  ^ 

0, 1-0.0)  O.OJ-O.OOJ  0,01-0*  00l  0,  001*0*  0001  0.001.0.0001 

— cs —  — rr —  — yrrr —  — n - art  near* 

<*.0001 

xrroBcwcir 

Pkaa.a  IkaacuU*  ky  X.r»yi  OnpkU*  InulrtaJ,  UC  IchiuO  wUfc  m 
tnct  a*  la..  *1. 

MM.UMf.aklc  D.Mrl.U<w  UairU. typical  gnpUi.  MUr.Mra.hir.. 

nkUMki  mi«%,  iiMmI)  aria  MM 
I  rain.  (•«.!  M  (Mia  Mm*.  Ca-ttof 

MUrMn.lv  MMlbt.  hat  hUIium, 
v.rMUou  UlkUluMa.  (raw  1-ln.Ul, 
av.raga  —iakaaaa  *  mil.. 

■Ml  DMiUr  >  <  •*  *■./««’  <BVC  Maiyl 


MATEUALl  P70 17*  Grap.Ua,  CODE  (»■*) 

iUPPUEIU  UMa. C.rblO. C.rp.,  Cutn  PraOMla  DtvIaiM, 

Mm  T.rk,  Nn  Tork 

8d#SL  ojatg**!  sjf^m  ^-^Sgg-a^, 

Ay.rMh.aUty  0,  )>»  r.cMu*  M  I*MUmi  IM.HL.ka,  IM.I. 

Pk*H.  UUaUn.0  ky  X-rayt  OraykUa 

IkuUHluko  OoMrlatlMU  *a.U»i.,ly  orUMaJ  Ilka  ran*  .raaklla  kuuil.a 
IM-IOt*  U  alaa)  Mil  eMupaa..  o t  orlaaaa, 
graykl*.  ttfcara  (-|4l  4Uua.  by  M-I*<k  1M*I' 
C—kaUarakU  p.ra.Uf . 

IkU  OMtltyi  l.lt*  0.N  *-•!«- 


MATUUALl  AKP.M  PM.  QrapMu.  COOK  (1-10) 
IlIPPLIBlI  PMoGnykit,.  IM..  UlUM,  t«M 


itfiWfiiBBi r 


0.01*0*001 

— T—— 


HXlTD 

0.001 -0*0001 

jcrn;cr;n 


<  0,0001 

’trg.'Mgrm 


ApprualrtuMly  0.0 YOU  «•  IfmJliM  toe.). 

PUmi  tfartifl*l  by  X-r*yt  ciwvfki** 

UvUlUflMHkk  DoMtflptlMM  V«rv  Am  |r«U  aU*  I*  V).  «r»i«  orlcaUtloa 
rtMM*  NMlir  «VMly  OltltibuMO 
Bulk  DcaaUyi  1  *  •*  ?**/•»** 


MATERIA  Li  K#C  *  C*  CODE  «MI) 

iUPPLtCKi  B.U.U*  Mamorkl  UaUUfta.  GftiumbtM*  Q0A» 


0*1*0.01 


0.01-0.001 


0*001-0*0001 

ttrt3jnrl,n 


Ouli'lUalivt  Austin 
Pfcl'iO  IfaMtJWO  by  X-rayi 
MtuliatgrtpliLc  DcacrlytiMi 


(UdlofNpfclc  Aa*ly«i«i 
Bulk  DtnaUyr 


CarW-14.4  f  l,0v/#<B*ttfll«) 

HIC*  fNpklU" 

L.<MM  xMlai  at  primary  giAybb''  '40- 1  Oil 
mill  In#  By  0,7*1. b  milt  Btoi«. .  a 
•UtMlil  Mllfll) 

Uaay  kUl—a  wllk  pi  kikklaa  a*U  vaUa,  «• 
with  carMar.llju  cuolyp.  A*»  (kau»Ua| 
*,**  *  «.l  (m./.m* 


TABLE  6 


CHARACTERIZATION  OF  LMSC  GLASSY  CARBON 


MATERIAL:  Glassy  Carbon,  CODE  (B-l  1) 

SUPPLIER:  Lockheed  Missile  &  Space  Co., 

Palo  Alto,  California 


Supplier  Property  Analysis  (6) 

.  3  * 

Density  (gms/cm  ) 

lc<£  )** 

d(.£  ) 

0 

Ave.  Pore  Radius  (A  ) 
Crystalline  Characteristics: 


Grade  2000 

Grade  3000 

1.43-1.  50 

1.36-1.42 

19 

110 

3.  56 

3.45 

23 

60 

Combination  of  tetrahedral  and  trigonal 
linkages  related  to  the  turbo stratic 
precursor  polymer  structure. 


Phases  Identified  by  X-ray: 


Carbon  (amorphous),  no  other  phases. 


♦  Density  range  related  to  material  thickness,  i.  e.  thicker  material  has 
higher  density. 


##  Crystallite  Size 
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CHARACTERIZATION 


MATERIAL:  ZrC  ♦  C,  CODE  (C-1Z) 

SUPPLIER:  Battelle  Memorial  lustily,  Columbus.  Ohio 


Jualitatlve  Awlwti  (Rang*  « 


1. 0-0.1  0.1-0.01  0.01.0.001  Q.OOl-O.OOOl 

W.TV.Tl  -AT,Cu;W|  - ST - - m - 


Quantitative  Analyeie.-  Carbon-21 .25  t  l,0t/o  (Battalia) 

Phasee  Identified  by  X-ray:  ZrC.  grsphite” 

MeUllogrephi-:  Deecr  iption:  Loot  Madia*  of  primary  graphite  (50-150 
mila  long  by  1.2-1 .1  milt  diem.)  la  a 
eutectic  matrix. 

Radiographic  Analysis;  Mojt  billet*  with  gaa  bubble*  and  void*. 

some  with  center-line  core-type  flaw 
(Battelle) 

Bulk  Dane ity;  S.4I  i  0.1  gmi/cmJ 


MATERIAL:  KT-SUlcon  Ca  .oide,  CODt(E-M) 

SUPPLIER:  Carborundum  Co.,  Niagara  Fall* .  Naw  York 

Qualitative  Analysis  (Rang*  w/o) 

^Jer reH-Aeb  Co« .  Waltham,  Mass.) 


0.01-0.001 
dn  Ba,  Cu.hlg.Wl, Pt>( 
V 


Si  72.5 

C  26.9 


Fe,  Ait  Tl  and  C  r  amount  to  approstlmauly  1%  cl  ramainder. 


Phases  Identified  by  X-ray:  tf-SlC(lI),  SI,  graphite 

MeUllographic  Description:  Irregularly  shaped  SIC  grains  with  consider¬ 
able  am*,unka  of  fret  eiUcon  and  small  amounts 
of  graphite  randomly  late r ape rsed. 

3. 10  gme/ cm3 


Bulk  Density: 
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TABLE  S 

Y  OF  DATA  ON  HYPEREUTECTIC  CARBIDES  HfC  +  C(C-li)  AND  ZrC  +  C(C-I2) 
SUPPLIED  BY  BATTELLE  MEMORIAL  INSTITUTE 
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By  immersion  techniques. 


TABLE  9 


CHARACTERIZATION  OF  TEST  MATERIALS 


MATERIAL:  JT-FT,  CODE  (F-l) 

SUPPLIER:  RTD,  Dayton,  Ohio 

$ 

(Processed  by  Union  Carbide  Corp, ,  June  1966) 


)0C 

As  Charged  Composition 
30.  9  w/o  Graphite  cloth 
15.4w/oG-7  resin 
1 1.4 w/o  175° M.  P.  pitch 
34.  6w/oSi 


ManLabs  Analysis 
C  »  53. 4  w/o 
B  *  5.  8  w/o 
Si  =8.2  w/o 
Zr  *  30.  3  w/o 


Qualitative  Spectrographic 
_ Analysis  (MIT) 


1.0  -  0.  1 
Cr,  A2 


0.  1  -  0.01 

Ca,  Cu,  Mn 


-ray  Analysis:  Graphite,  ZrB2,  ZrC,/9SiC 
ulk  Density:  1. 65  +  .10  g/cm 


Metallographic  Description:  Discrete  white  particles  in  a  graphite  matrix. 

Polishing  results  in  substantially  more  relief 
between  the  graphite  and  the  particles  than 
encountered  in  JTA,  JT0981  or  JT0992. 


P.G.  Lafyatis  and  M.S.  Carter  "Exploratory  Development  of  Graphite 
Materials"  AFML-TR-65-324,  June  1966. 
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TABLE  10 


CHARACTERIZATION  OF  TEST  MATERIALS 


MATtaiAi.!  IT0M1,  COOB(r.U) 

SUPPLIER:  Union  Carbide  Corp. .  Carbon  Product*  Division, 
Now  York,  Now  York 


MATERIAL:  WSt2/W  (WSlj  Coating  on  W|,  CODE  (C-lt| 

SUPPLIER:  General  Electric  Co.,  Cleveland,  Ohio  (Typo  MK-W)j 
TRW.  Cleveland,  Ohio  (WSi2  Coating) 


QuoliUliyo  AwUyill  (Range  w/o) 

( Jarrell- Asa  Co.  .  VaUium,  Mass.) 


1.0-0.  1 

"nrwr 


0, 1-0.01 


0.01-0,001 

/a,cr:rt:Trn, 


0.001-0.0001 


Sn,  V 


gwrtjWjvt  Analysis  (ManJLabs,  lac, 


Qualitative  A  polyala  of  MK-W  (Range  w/o) 
[Jar  rati -Aah  Co,,Walt>iam,  Mesa.T 


0.01-0,001  0,001-0.0001  <0.0001 

CufRi.R  ~Ar,~y;Ta -  AITCr,  Un 


Element  w/o 

Si  16.8 

It  29.6 

C  40.1 


Pkaaai  IdaMlfled  by  X-ray: 
Mstallographic  Description: 

Bulk  Density: 


Graphlta,  SIC,  ZrC 

Similar  to  JTA(D-13)  and  JT0992  (r-15|. 
ZrC  and  SIC  particles  embedded  in* 

Jraphlu  matrix. 

.  IQ  gmi/cm* 


10-1,0  0.1.0.01  0,001-0,0001  <0.0003 

SI  Ca  Af,(Tr,£u,  Fe,Zr  Tlg,Mn,  Ml 

Quantltativ  Analyila  of  MK-W 

Eltmtftl  w/o  (Source) 


O  0.0004J  (Luvak) 

C  0.001  (MIT) 


Phaaai  Identified  by  X-ray: 
MataUog raphlc  Description: 


Bulk  Dan  ally: 


Tungaftatt  (matrix!,  WSi2  plua  traca  of 
WjSij  (coating) 

Typical  hot-workad  W  structure,  fins  grained 
and  uniform,  grains  aloogatad  In  ons  diraction 
in  trnnavaraa  Mellon.  Coating  quits  uniform, 
thickness  approximately  4.  5  mils. 

18.16  gme/cmMW  only) 


MATERIAL:  So-Af/Ta-W  (Sn-Ai-Mo  cnntlng  on  Ta-10%W),  CODE  (0-19) 

SUPPLIER!  National  Research  Division,  Norton  Co. .  Newton,  Mats, 

(Tl-W)|  Onnarai  Telephone  and  Elsetronlca  Carp. ,  HickavUla, 
New  York  (8a-Af  coating) 

Quallfta tiva  Analysis  of  Ta-W  (Range  w/o) 

(jr6Hon.AiffBgr;JwrnMsr,  ta'i — 1 

>10  J.  01-0,001  0.001-0,0001  <0.0001 

Cr,  n,»r  Cu,ra,wgniw;  a*; wtbtpb,  sn 

Ka,m,ai 

Qualitative  Analysts  of  Eatlra  Sampla  (Rama  w/o) 

(Ksm  MadraiarUa,  hewioa  #»ui,  mhi.i 


10*1.0  >.  0-0. 3 


0.003-0.0001 

Cr,Cu,Ta"' 


Quaalttativa  Aaalyala  of  Ta-W: 
Supplier  Aaalyala  of  Ta-W: 


0. 001.0.0001 
CalWi.gnTM, 

SI,  Zr 

W4.1  w/o^MIT) 


<0.0003 


W  a  10,4  Wi 

foliar  Deaigaetfton  af  Sa-Af  Coating:  9n-27Af-6. 9  Mo  (R503r  Coating) 
Phases  Ida  stifled  by  X-ray  (coating):  Compiax  pattaru,  0-3n,  At,  Al,T 


MaUUographic  Da  script)  on: 


Bulk  Daaaliy: 


present,  plus  other  unidentified 

phases. 

Vary  fina  grainad,  worked  structure, 
uniform  and  apparently  aingls  phase. 
Coating  uniform,  6  rnU  outer  layer 
and  2  mil  diffusion  sons, 

IT. 08  gma/cm*  (Ta-W  only) 


MATERIAL:  SlOg  ♦  68.6  w/o  W,  CODE  (H-22) 

SUPPLIER:  BJorksten  Research  Laboratoriaa,  Madison,  Wisconsin 

Supplier  Anaiyaisi  Tungsten  -  99.9%+  purity 

Silica  -  99. 9*+  purity 
Samples  -  20  v/eW  (68.5  w/oW) 

QuantlMtlva  Analysis:  69.3w/oW  (ManLabs,  Inc.) 

Phases  Idantlfiad  by  X  ray:  W(SlOj  vltraoua) 

Electron  Proba  Microaitalysia:  Oxidised  aamplaa  showed  little  or  nc  inter* 
d iff ua  Ion  betwaan  W  and  SIOz 

Metallography  Description:  Fins,  approximately  spherical,  discrete 

particles  of  W  smbeddad  in  a  continuous 
SlOi  matrix,  . 

Bulk  Density:  >5.70  |mi/cm} 


*Basvd  oa  lineal  analysis  and  density  (20.  5-21  v/o  W  observed). 
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TABLE  1  i 


CHARACTERIZATION  OF  INFILTRATED  TUNGSTEN  COMPOSITES 


MATERIAL:  W  +  Zr  +  Cu,  CODE  (G-20) 

SUPPLIER:  Rocketdyne,  Canoga  Park,  California 


Supplier  Analysis: 


Quantitative  Analysis: 

Phase  Identified  by  X-ray: 

Metallographic  Description: 


Bulk  Density: 


Porous  powder  metallurgical  grade  tungsten 
product  76%  of  theoretical  density 
was  infiltrated  with  Cu-75w/0  Zr  alloy. 
Composite  density  is  15.7  gms/cm^  (97% 
of  expected  value)  (2). 
l6.5v/o  Cu-Zr  phase.* 

Tungsten  plus  a  Cu-Zr  compound, 

CuZr2  or  CuZ»3,  no  free  Zr  or  Cu. 

Equiaxed  grains  of  tungsten  (approx.  15 
micron  grain  size)  with  randomly  interspersed 
regions  of  Cu-Zr  phase. 

15.81  gms/ cm^ 


MATERIAL:  W  +  Ag(G-21) 

SUPPLIER:  Wah  Chang  Corp.  ,  Albany,  Oregon 


Quantitative  Analysis: 
Phases  Identified  by  X-ray: 
Metallographic  Description: 


Bulk  Density: 


19.4v/0  Ag*. 

Tungsten  and  silver. 

Equiaxed  grains  of  tungsten  (approx.  10 
micron  grain  size)  with  randomly 
interspersed  regions  of  silver. 

17. 49  gms/cm3. 


*Based  on  lineal  analysis.. 
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TABLE  12 


CHARACTERIZATION  OF  TEST  MATERIALS 


MATERIAL;  StOj  ♦  40  w/oW,  COOK  (H-23) 

SUPPLIER]  OtfMrklZlMtrk  Co.,  Willoughby,  Ohio 
Qualitative  AMjwto  Hjgjj  g/ol 

^53  laboratories,  Rewtaa  falls,  MisTTJ 

0.1-0.01  0.01.0.001  a. 003-0. 0005  0.001-0. 0001  <  0.0003 

XITTiTYl  - m - U4.Uo.Tr"  — urr? -  BaTCu  " 

Quantitative  AoelysUf  60.Sw/oW  (kCT) 

41. 1  w/oW  (UuUbi,  Ue.r 
PUi«i  LUWliisd  by  X-ray:  W(SlO,  Vitreous) 

Motatlographlc  Description:  Hu  W  particle*  embedded  Is  ■  coatlnuou* 
SlOi  matrix,  same  agglomeration. 

Balk  Density:  MOgmi/em* 


00  lineal  MAlyik  and  faulty  <15. 2-11  v/oW  oburvfltl). 


MATERIAL]  JiOj  f  95  w/o  W,  CODE  (H-24) 

SUPPLIER:  Cturil  Electric  Co. ,  Willoughby,  Ohl* 

Qualitative  Analysis  (IUm>  w/fl 

ncarsssn^rferin^  foSsr  nsno 

0.5.0.03  0.1-0.01  0.01-0.001  0,009-0.0003  0. 00 1-0.0001 

— XI,  TT  — TS - Iff! -  - VgTZr  Ta/Tlo.T 

<0,0003 


Quantitative  Analysis;  35.  •  w/o  W  (MIT) 

35. 3  w/o  W  (ManLabs,  he. V 
ntuM  UiitUi«i  by  X-reyt  W  (3102  vitr«oui) 

Ms  tall  ©graphic  Description:  riu  W  particle*  embedded  In  %  continuous 
9(0*  miirlx,  some  t||loaicntioR 
Bulk  Deaslty:  3.20  gmi/cm^ 


*  Based  on  linear  analysis  and  density  (5-4  v/o  W  observed). 


MATERIAL!  HX-20Ta-lMot  CODE  (1-23) 
SUPPLIER!  Wth  CMfig  Corp. ,  Albany,  Oregon 


Qualitative  Anelysl^lUage  w/ o) 


mnsntxn  csrr  w* 


>10  o.oi-o.ooi 
ht.tt.  mo  ■  yarn — 


Hass.) 

0.001-0.0001  <0.0001 

cj.  uk;  rr-  atb^c? nairn. 

S«L  Af 


Quantitative  Analysis  (MIT) 
Element  w/o 


Hf 

To 

Mo 

O 


79.4 

19.4 
1.4 

0.0073  and  0.007S 


Nominal  Composition: 
Pbaaaa  Identified  by  X-rayi 


Hf-19.7Ta-2.  15  Mo  (2.6%Zr) 

«-Hf,  0-Te,  0-HI  Umi  sblflad.  strongly 
preferred  orientation  ( 3"  bar),  0-Hf 
(a  =  3.47  A)  (l/2M  bar). 

Mettltographlc  Description:  Arc  ry  stall  Ucd  itruettira  o t  fine  o-Hf-rich 
plates  in  R-Ta-rlch  matrix.  Old  grains 
urga  and  clearly  visible. 

Urg<  g-Hf-Ta  grain*.  Etchant  causes  a 
pattern  of  pitting  ramlnlncont  of  thi  er-Hf- 
j)-Te  platelet  structure,  In  sumo  roglons 
•  londrile-llke  structure  appears  from 
staining  by  the  etchant, 

Bulk  Density:  11.47  gnss/cm'(lM  bar) 

11.4*  *n./«m»<l/J"  b,.) 


logri 
r*  Bar 

^ rankle  Description: 


MATERIAL!  Ir/Oraphlts  (Iridium  coating  on  Poco  Graphite),  CODE  (1-24) 
SUPPLIER!  Battsllo  Memorial  Institute,  Columbus,  Ohio 


Phaast  IdsotUlsd  by  X-ray: 


Coating  Thickness  (Batttlls)i 


Costing  Weight  (Battell*)] 
Radlogrepbic  Analysis: 


Graphite  (matrix),  Ir  (costing).  In  some 
cases  costing  contained  or-PsjOj  and  looked 
rusted  in  appearance, 

33  mile  average  on  length  of  specimens  with 
variations  from  23. 8-53. 7  mils.  37, 4  mils 
average  on  top  diameter  with  variations  from 
29.5.51  mil*. 

10. 3  gms  average 

Some  inhomogsneitlei  in  coatings  (such  as 
thinning  at  junctions,  cracks  and  spotty  sur¬ 
face  build  up)  in  7  out  of  19  specimens. 
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TABLE  15 


SUMMARY  OF  NONDESTRUCTIVE  TEST  RESULTS  ON  ZrB  (A-3) 

fa 


Specimen 

Number 


inches /microsec 


Density  per  cent  IACS 

gms/crn  Top _ Bottom 


A-3-1 
A-3  -2 
A-3 -3 
A-3 -4 
A-3-5 
A-3 -6 
A-3-7 


A-3-9 

A-3-10 

A-3-1 1 

A-3-12 

A-3-13 

A-3- 14 

A-3-15 

A-3-1 6 

A-3-1 7 

A-3-1 8 

A-3-19 

A-3-20 

A- 3 -21 

A-3-22 

A-3-23 

A-3-24 

A-3-25 

A-3-26 

A-3-27 

A-3-28 

A-3 -29 

A-3-30 


0.342 
0.346 
0.345 
0.348 
0.346 
0.345 
0.345 
0.  346 
0.347 
0.345 
0.347 
0.346 
0.343 
0.342 
0.  339 
0.340 
0.343 
0.342 
0.343 
0.339 
0.347 
0.346 
0.350 
0.346 
0.343 
0.344 
0.344 
0.343 
0.344 
0.345 


5.52 

5.56 
5.59 
5.65 

5.59 
5.  64 

5.60 

5.63 
5.65 

5.57 
5.48 

5.61 

5.62 

5.62 

5.56 

5.57 
5.  64 

5.61 

5.62 

5.59 
5.68 
5.75 

5.64 

5.60 
5.56 
5.67 

5.58 

5.61 
5.56 
5.60 


18.8 

19.6 

19.6 

19.3 

19.3 

19.6 

19.6 

19.7 

18.8 
19.5 

19.2 

19.7 
19.5 

19.8 

19.1 
19.0 
19.5 

18.8 

19.3 
19.0 
19.7 
19.5 
19.7 

19.2 
19.3 
19.5 
19.0 
19.3 
19.5 
19.3 


19.8 

19.6 

19.4 

19.8 

19.0 

20.0 

19.4 

20.0 

19.6 

19.6 
19.4 
20.2 

19.8 

19.7 

19.4 

19.5 

19.6 

18.9 
19.1 
19.3 
20.0 
20.0 

19.7 

19.7 

19.1 
19.6 

18.8 
19.3 
18.9 

18.2 


y 


TABLE  *6 

RESULTS  FOR  H£B2  y  (A-2)  SPECIMENS  FROM  NDT  EVALUATION 


Longitudinal  Velocity 

(inches /micros  acond)  Relative  Eddy  Current 

Sp.cim.nX  Axial  Rndi.l  — “-SSL.  - -?,SSiS»l 

Designation  Direction  Direction  Top  Bottom  Top  Bottom  Top  Bottom 


(A-2)  -  1 

0.265 

0.303 

15.4 

10 

6 

-  2 

0.264 

0.303 

15.1 

1C 

8 

-  3 

0.263 

0.301 

14.8 

10 

V 

8 

TJ 

-  4 

0.265 

0.309 

14.8 

0) 

10 

0 

M 

8 

V 

M 

-  5 

0.263 

0.303 

15.2 

W 

o 

10 

0 

(A 

C 

O 

•  6 

0.264 

0.305 

15.0 

CQ 

10 

6 

CQ 

-  7 

0.263 

0.305 

15.2 

u 

10 

N 

6 

-  8 

0.265 

0.303 

15.2 

10 

d 

6 

n 

-  9 

0.265 

0.309 

14.7 

1 

10 

0 

10 

0 

.10 

0.265 

0.307 

15.4 

0 

10 

0 

b 

O 

.11 

0.264 

0.307 

15.4 

10 

8 

.12 

0.264 

0.307 

15.0 

10 

6 

-13 

0.263 

0.301 

15.2 

15.4 

10 

10 

8 

8 

.14 

0.263 

0.299 

13.6 

15.2 

10 

10 

10 

8 

-15 

0.263 

0.303 

15.2 

14.7 

10 

10 

10 

10 

-16 

0.263 

0.299 

15.2 

15.2 

10 

10 

10 

6 

-17 

0.259 

0.294 

15.2 

14.9 

10 

10 

6 

10 

.18 

0.265 

0.301 

15.2 

15.3 

10 

10 

6 

6 

-19 

0.265 

0.302 

15.0 

15.3 

14 

10 

>100 

10 

.20 

0.264 

0.299 

14.8 

15.0 

10 

10 

10 

8 

-21 

0.268 

0.311 

14.6 

15.1 

195 

18 

80 

44 

-22 

0.265 

0.305 

15.4 

15.2 

10 

10 

6 

6 

-23 

0.264 

0.305 

15.2 

15.1 

10 

10 

8 

10 

.24 

0.265 

0.301 

15.0 

12.8 

1£ 

18 

_ 10 

16 

Average 

0,264 

0.303 

15.0 

14.9 

10 

11 

ll6 

12 

Maximum 

0.268 

0.311 

15.4 

15.4 

19 

18 

>100 

44 

Minimum 

0.259 

0,294 

14.6 

12.8 

10 

10 

6 

6 

Range 

3.6% 

5.5% 

1.  End 

surfaces  not  flat  and  parallel, 

1 

2.  Velocity  technique:  through  transmission;  equipment  m  Arenberg  PG  650-C 
high  voltage  pulsed  oscillator.  Oeneral  Radio  power  amplifier  (20  KHz  1, 5  MHz), 
Tektronix  545A  scope;  frequency  1.0  MHz;  accuracy  ■  1.0  per  cent,  preeision 
better  than  1  per  cent. 

3.  Eddy  current  technique  for  60  KHz:  equipment  a  Magnate et  FM-100;  precision 
better  than  3  por  cent  (+  0.4). 

4.  Eddy  current  techniquelor  500  KHz  and  8MHz:  equipment  a  Boonton  Metal 
Film  Gauge  Type  255A;  precision  better  than  20  per  cent  (+  1). 

5.  Surface  not  machined. 

6.  Excluding  the  point  >100. 
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TABLE  16  (CONT) 


RESULTS  FOR  HfB2>1  (A-2)  SPECIMENS  FROM  NDT  EVALUATION 


X-ray 


7 


q 

Dye  Penetrant 


Specimen 

Visual  Inspection  Dee  Ignat  ion 


«  .a 

3  1 


Porous  band  around  center  of  cylinders 

Porous  band  around  center  of  cylinders 

Porous  band  around  center  of  cylindors 

Crack  along  bottom  edge  approx.  1/4“ 
long.  No  porous  band . 

Two  small  cracks  along  battom  edge. 
Porous  band  around  center  of  cylinder. 
Crack  at  top  approx.  1/5"  long.  Porous 
band  around  center. 

Porous  band  around  center. 

Porous  band  around  center. 

Shallow  crack  at  top.  No  porous  band. 

Porous  band  around  center. 

Small  crack  at  top  edge.  Porous  band 
around  center. 

Crack  along  bottom  edge  approx.  1/4" 
long.  Porous  band  around  center. 
Porous  band  around  center. 

Several  shallow  cracks.  Parous  band. 

Several  shallow  cracks.  Porous  band. 


Porous  band  around  center. 

Porous  band  around  center. 

Porous  band  around  center. 

Porous  band  around  center. 

Porous  band  around  center. 
Shallow  crack.  No  porous  band. 
Porous  band  around  center. 
Porous  band  around  center, 


No  cracks.  Edges  are  (A-2)  -  1 
chipped. 

No  cracks.  Edges  are  -  2 

chipped. 

No  cracks.  Edges  are  -  3 

chipped. 

No  cracks.  Edges  are  -  4 

chipped. 

No  cracks.  Edges  are  -  5 

chipped. 

Crack  approx  1/8"  long  •  6 

at  top  near  chip.  Edges 
are  chipped. 

No  cracks.  Edges  are  -  7 

chipped. 

No  cracks.  Edges  are  -  8 

chipped. 

Shallow  crack  at  top.  -  9 

Edges  chipped. 

No  cracks.  Edges  are  -10 

chipped. 

No  cracks.  Edges  are  -11 

chipped. 

No  cracks.  Edges  are  -12 

chipped. 

No  cracks.  Edges  are  -13 

chipped. 

Several  shallow  cracks.  -14 

Edges  chipped. 

Several  shallow  cracks.  -15 

Metallic  (copper?)  part, 
on  cylinder  surface. 

Several  shallow  cracks.  -16 

Edges  chipped. 

No  cracks.  Edges  are  -17 

chippod. 

No  cracks.  Edges  are  -18 

chipped. 

No  cracks,  Edges  are  -19 

chipped. 

No  cracks.  Edges  chipped  -20 

No  cracks.  Edges  chipped  *21 

No  cracks.  Edges  chipped  -22 

Shallow  crack.  Edges  chipped  -24 


7.  X-ray  radiographic  technique!  1  Mevp,  TFD  «  36",  Eastman  Type  M  filmj  3 
exposures  for  each  specimen  (2  radial  at  0°  and  90°  and  1  axial). 

8.  Low  density  regions  are  attributed  to  pressing  technique. 

9.  Dye  penetrant  technique:  post  emulsification  using  Zygloe  ZL-22. 

10.  Visual  inspection  employed  40X  microscope.  Anomalies  indelibly  marked  on 
specimens,  „ 


TABLE  17 


RESULTS  FOR  JTA  (D-13)  SPECIMENS  FROM  NDT  EVALUATION 


Specimen* 

Designation 

- ECTT" 

Billet  No. 
Sample  Mo. 


Longitudinal  Vel.  Relative 

(inches /micro second)  Eddy  Current* 

Axial  Radial 1 2 3 4  5°.°  -  s 

Direction  Direction  Top  Bottom  X-ray" 


5/E/17/2-1 

5/E/17-2-2 

5/E/17-2-3 

0.134 

0.129 

0.125 

5/E/17-2-4 

0.123 

5/E/17-2-5 

0.126 

5/E/17-2-6 

0.129 

5/  /1 7-2-7 

0.128 

5/E/17-2-8 

0.127 

5/E/17-2-9 

5/E/17-2-10 

0.121 

0.123 

Averag  ?. 
Maximum 
Minimum 
Range 

0.127 

0.134 

0.121 

10% 

0.199 

56 

0.208 

44 

0.202 

44 

0.199 

60 

<D 

P 

0,202 

44 

O 

« 

p 

0.214 

42 

V 

■a 

0.200 

58 

9 

o 

O 

0.189 

62 

0.185 

70 

0.191 

68 

0.199 

55 

0.214 

70 

0.185 

13.6% 

42 

4) 


® 

m 

6 


a 

■p 


V 

Q 


o 

Z 


Alcohol  Visual  , 
Wipe  Inspection6 


s  Scratches  on 

£  end  surface 

g  Chip  along 

<n  inner  diam. 

O  Flat  spot- 

ai  some  scratches 

•g  Discoloration 

d  along  inner  edge 
U  Scratches  on 

o  end  surface 

«  Discoloration 

along  inner  edge 
Chips-1  end 


1.  End  surfaces  not  flat  and  parallel.  Surface  contact  poor.  Ends  slightly  sanded 
to  facilitate  measurements. 

2.  Velocity  technique:  same  as  used  for  HfB2,  i> 

3.  Testing  not  possible  at  60  KHz.  Conductivity  outside  range  of  teBt  instrument. 

4.  Eddy  current  technique  for  500  KHz:  same  as  ixsed  for  HfB;>.  jj  precision  *  + 1 
unit. 

5.  X-ray  radiographic  technique:  120  kvp,  10  mA  for  2  minutes.  TFD  s  60". 
Eastman  Type  T  (between  A  and  M)  film  and  5  mil  lead  screens. 

6.  Visual  inspection  employed  using  40X  microscope. 


TABLE  18 


RESULTS  FOR  JT0981  (F-16)  SPECIMENS  FROM  NDT  EVALUATION 

7 

Longitudinal  Vel.  Relative 

(inches/ microsecond)  Eddy  Current 


Specimen* 

Designation 

Axial 

Direction 

Radial 

Direction 

500  KHz1 2 3 4 5 6 
Top  Bottom 

C 

X-rays- 

j  Alcohol  Visual  ^ 
Wipe  Inspection 

F-16 

Billet  No. 

Sample  No. 

5/F/2/1-1 

0.  130 

.0.210 

62 

Flat  spot  along 

outside  wall 

5/F/2./1-2 

0. 135 

0.211 

54 

Flat  spot  along 

outside  wall 

5/F/2/1-3 

0.  142 

0.222 

52 

ns 

Scratching  on 

U 

> 

| 

end  surface 

5/F/2/1-4 

0.  143 

0.231 

50 

h 

0 

u 

4> 

Scratching  on 

(Q 

M 

ft 

4) 

(0 

end  surface 

5/F/2/1-5 

0.  138 

0.226 

52 

u 

6 

g 

Scratching  on 

00 

Ml 

end  surface 

5/F/2/1-6 

0.  140 

0.214 

60 

§ 

0 

X 

Scratches  on 

0 

.4) 

VI 

0 

rt 

end  surface 

5/F/2/1-7 

0.  141 

0.218 

56 

V 

<u 

a 

u 

CJ 

Small  chip 

0 

0 

end  surface 

5/F/2/1-8 

0.  139 

0.214 

56 

z 

Z 

5/F/2/1-9 

0.  139 

0 . 0220 

50 

Small  chip 

end  surface 

5/F/2/1-10 

0.  139 

0.220 

56 

Small  chip 

end  surface 

5/F/2/1-11 

0.  130 

0.207 

60 

Small  chip 

end  surface 

Average 

0.  138 

0.  218 

55 

Maximum 

0.  143 

0.231 

62 

Minimum 

0.  130 

0.  207 

50 

Range 

9% 

10.  4% 

1.  End  surfaces  not  flat  and  parallel.  Surface  contact  poor.  Ends  slightly  sanded 
to  aid  measurements. 

2.  Velocity  technique:  same  as  used  for  HfB^  j. 

3.  Testing  not  possible  at  60  KHz.  Conductivity  outside  range  of  test  instrument. 

4.  Eddy  current  technique  for  500  KHz:  same  as  used  for  HfBg,  precision  -  +  1 
unit. 

5.  X-ray  radiographic  technique:  120  Kvp,  10  mA  for  2  minutes,  TFD  =  60", 
Eastman  Type  T  (between  A  and  M)  film  and  5  mil  lead  screens. 

6.  Visual  inspection  .  mployed  40X  microscope. 
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TABLE  19 

NONDESTRUCTIVE  TESTS  OF  WAVE  SUPERHEATER  MODELS 


Sample  Code 
ManLabs  No.  /CAL  No. 

ZrB2  (A-3)-l  -2 

KTSiC  (E- 14) -1-8 

KTSiC  (E- 14) -3- 18 

Hf-Ta-Mo  (I-23)-4-19 

W  (G-18)  Uncoated-X- 

RVA  (B-5J-X-5 

JTA  (D-13)-X-7 

JT0992  (F-15)-X-9 

Hf-Ta-Mo  (1-23) — 1  - 1 2 
HfB2<1  (A-2)  -X-l 
HfB2  +  SiC  (A-4)-X-4 
FG  (B-6)-X-6* 

BPG  (B-7)-X-16* 
JT0981  (F-16)-X-10 

ZrB2  (A-3)-24-3 

Sn-AZ/Ta-lOW  (G-19)- 
Hf-Ta-Mo  (1-23) -2-0 
Hf-Ta-Mo  (1-23) -3-0 

KT  SiC  (E-14) -4-0 
KT  SiC  (E-14) -2-0 
*"C"  axis  perpendicular 


Run  Number 
Sting  Number 

67-473-  1 

2 

3 

4 

11  5 

6 

7 

8 

67-474-  1 


Comments 


Edges  of  bore  are  chipped 

No  Imperfections 

No  Imperfections 

No  Imperfections 

No  Imperfections 

Large  pit  and  porous  area  in 
hemispherical  cap 

Contained  high  density  flecks 
through  volume 

Contained  high  density  flecks 
through  volume 

Tool  marks  on  wall 


2 

3 

4 

5 

6 

7 

3-22  8 

No  Test 
No  Test 

No  Test 
No  Test 

to  cylinder  axis. 
82 


Edges  of  bars  are  chipped 

Edges  of  bore  are  chipped 

Large  pit  and  porous  area  on  wall 

Surface  porosity,  chipped  base 

Contained  high  density  flecks 
through  volume 

Contained  two  high  density  flecks 
300  mils  from  nose  and  one  fleck 
700  mils  from  nose.  Edges  of  bore 
are  chipped. 

No  Imperfections 

No  Imperfections 

Contained  40  mil  diameter  low 
density  region  in  front  face 

No  Imperfections 

No  Imperfections 


TABLE  2Q 


INTERNAL  FEATURES  OF  WAVE  SUPERHEATER  MODELS 
DISCLOSED  BY  RADIOGRAPHY 


Sample  Code 
ManLabs  No/CAL  No. 

2rB2(A-3)-l-2 

KTSiC  (E-14)-l-8 

KTSiC  (E >14) -3 >18 
Hf-Ta-Mo  (I-23)-4-19 
W(G-8)  Uncoated-X-11 

RVA  (B-5)-X-5 
JTA  (B-13)-X-7 
JT0992  (F-15)-X-9 
Hf-Ta-Mo  (I-Z3)-U12 
h£B2.1  (A-2J-X-1 

H£B2  +  SiC  (A>4)-X-4 

PC  (B.6)>X>6  ** 

BPG  (B-7) -X-16  ** 

JT0981  (F-16)-X-10 
2rB2  (A-3)-24-3 

Sn-Af/Ta-10W(G-19)-3-22 

Hf-Ta-Mo  (1-23) -2-0* 
Hf-Ta-Mo  (1-23) -3-0* 
KTSiC  (E.14)-4-0* 

KTSiC  (E- 14) -2-0* 


Diameter/ Length/ Wall 

Thickness  (mils) 

Comments 

(mils) 

492/1021/139 

Twenty-five  mil  protrusion 
on.  inner  wall  of  front  face 

488/1000/135 

Counter  bore  1/8"  diameter 
1/16"  deep 

944/994/130 

Inside  of  front  cap  is  stepped 

997/1167/129 

No  defects 

491/992/152 

Twenty-five  mil  protrusion 
on  inner  wall  of  front  face 

488/996/112 

No  defects 

489/957/125 

No  defects 

490/945/96 

No  defects 

491/1000/155 

No  defects 

491/937/144 

Fifteen  mil  protrusion  on 
inner  wall  of  front  face 

492/963/154 

Twenty-five  mil  protrusion 
inner  wall  of  front  face 

488/1061/122 

No  defects 

490/836/157 

No  defects 

488/946/141 

No  defects 

492/989/163 

Fifty  mil  protrusion  on  inner 
wall  of  front  face 

1001/1001/ 146 

No  defects 

1001/1062/122 

No  defects 

503/943/110 

No  defects 

491/1004/336 

Core  drill  islands  at  base  of 
hole 

972/959/164 

Core  drill  islands  at  base  of 
hole 

All  sample  a  were  hemispherical  cape  exc 
latter  were  flat  faced  cylinders. 

**”C"  axis  perpendicular  to  cylinder  axis. 


ept  those  noted 


by 


asterisk. 


The 
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TABLE  21 


EDDY  CUBAXMT  WUPOWI 
_ f  1ACS  _ 

f  ■  40  KHa  t  ■  SOO  KH* 

top  WBan 


I  ■  !  KHa 

om  top  bottom 


EDDY  CUULENT  RESPONSE 

*1ACS _ 

U  t  *  100  KHa  l»S  MHa_ 

Stfem  top  owom  top  Dixltem 


Mf-T 

14.4 

14.3 

44 

44 

14 

42 

•2 

IS.  4 

is.s 

44 

*4 

14 

14 

•3 

IS.  4 

it.) 

44 

44 

14 

14 

•4 

14.4 

14*2 

44 

44 

14 

92 

Avarag* 

14.4 

14.4 

•• 

SB 

1) 

Maximum 

IS.  4 

IS.  • 

-» 

14 

14 

Mlalmwn 

14.4 

14.2 

•• 

14 

11 

tu|« 

4.M 

4.21b 

■■ 

1.44 

7,2% 

SrlilA*)) 

HT-* 

33.1 

11. 7» 

SI 

10 

44 

M 

.4 

22.4 

21.7 

12 

10 

44 

42 

-7 

32.  IS 

22.  • 

92 

so 

42 

42 

.« 

23.1 

22.1 

92 

10 

44 

40 

Avari|i 

22.4 

22.1 

-- 

4) 

41 

Mas  imam 

23.1 

23.4 

44 

42 

Mlalmam 

22.  IS 

31.7 

■■ 

42 

40 

laigt 

1.11b 

4.S1b 

— 

1.1% 

1.3% 

Sort*  2(A-I) 

KT-9  1,74 

2.14 

21 

• 

44 

44 

•  10 

1.74 

2.11 

20 

0 

90 

44 

-ii 

2. 12 

2.17 

2 

10 

20 

44 

•  13 

1,77 

2.17 

20 

10 

§2 

40 

Avaragi 

1.44 

2.17 

14 

4 

90 

44 

Maximum 

2. 12 

2.14 

22 

10 

44 

40 

Mla4mam 

1.74 

2.11 

2 

0 

IS 

44 

laag* 

son 

1.01b 

— 

"" 

•• 

Z*»2  (AO) 
KT-Il 

14.0 

22.  IS 

SO 

10 

40 

42 

•  14 

20.24 

22. 2S 

90 

10 

40 

42 

-19 

19.7 

22.1 

40 

10 

40 

42 

.14 

19.7 

22,1 

40 

90 

40 

42 

Avnagi 

19.9 

22.19 

•• 

•  • 

•• 

Maximum 

20.21 

22.29 

•  • 

•  • 

•• 

•• 

Mlaimum 

19.7 

22.1 

•« 

mm 

-• 

-  - 

Rang* 

2.7% 

0.4% 

•• 

— 

““ 

“■ 

ZrB,* 

Hf-t? 

21.3 

21.4 

40 

42 

42 

40 

tUBi  4  01C(A- 

7) 

44 

HP-10 

15.3 

14.0 

44 

4ft 

44 

-14 

14.4 

14. 1 

40 

40 

S4 

44 

HfB»  (A- 4) 

Hr -20 

22.79 

23.0 

02 

SO 

42 

42 

•21 

13.1 

23.9 

92 

so 

42 

42 

Zr»2* 

HF. 22 

21.74 

22.1 

to 

so 

42 

60 

ZrB*  ♦  0iC(A 

•0) 

S4 

KT-Jj 

14.1 

14.2 

40 

40 

S4 

-24 

11.4 

14. • 

40 

40 

04 

04 

^MiiUHi-Avco  malarial. 
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TABLE  22 

RESULTS  OF  VISUAL,  DYE  PENETRANT  AND  RADIOGRAPHIC 
INSPECTIONS  FOR  HYPEREUTECTIC  CARBIDE  BILLETS 
AND  HIGH  FLUX  CYLINDERS 


HYMJLIUTECT1C  CAM10K  BILLETS 


Ir/GKAPHITE  (l-M)  f  HBGIMIMS 


*lladlog  raphs  supplied  toy  BeiteUs  Memorial  Institute. 


ts 

*7 


29 

10 


Visual  laapsetion 

Radiographic 

Spacimaa 

Floor# octal 

Malarial 

Billet  No, 

of  flurlacs 

Inspection* 

No. 

Peas  treat 

"TcScr 

HIC  fC 

1400 A 

Small  voids 

Iatsrusl  gas  holsa 

2 

Porous  slda  wall 

(c-m 

1400B 

Good 

No  iataraal  velds 

1402A 

Slight  flawi 

Small  pipe  1/2"  loag 

3 

1402B 

Bubbles,  voids 

No  iataraal  velds 

1402C 

Good 

Small  pips  1/2"  long 

4 

140)  A 

Small  voids 

Small  pips  1  / 4H  loag 

1415A 

Kola  oo  cad 

Small  gas  hols  moor  and 

4 

Scale  oa  froot 

M1»B 

Voids 

Possible  gas  hole# 

1 

141JC 

Bubble*,  voids 

Possible  gas  kola  a 

10 

I4UA 

Slight  Raws 

Possible  gas  holea 

11 

14UB 

Voids 

No  iataraal  voids 

12 

Crack  oa  aide  wall 

141  tC 

Good 

Possible  gas  halos 

1422A 

Good 

No  iataraal  voids 

14 

Heavy  porosity  si 

juactioa  o f  froot  lacs 

ZrC  ♦  C 

140SA 

Small  voids 

Possible  gaa  holes 

aad  aids  wall 

(C-U) 

14J9A 

Small  voids 

Small  pipe 

IT 

1419B 

Small  void* 

Possible  gaa  kolas 

IS 

Crack  la  coat  lag 

1410  A 

Smalt  voids 

No  iataraal  velds 

1447 A 

Small  voids 

late  root  pipe 

19 

1447B 

Holts 

No  isterael  voids 

22 

1467C 

Small  voids 

No  Iataraal  void! 

22 

LOW  deaslty  <Uii  U 

JhmiIm  at  /mt  «m*. 

Low  denary  atJuMllaa  of  trot 
face. 

Low  density  at  J«mUm  B<  <»« 
lao*. 

Unusually  thick  cant!  eg. 

No  slgpUieanl  iadjto  silane, 

No  Bigailleeni  ladiaetlenB. 

NO  IlMOliMOl  INItllilM. 
Crack  at  ksttose  el  side  wall 


No 


ladies  lata 

UfOUiCAOk 


Scat#  aid  porauo 
ipou  oa  aids  wall 
Extrema  porosity 
throughout  speclmee 


No  slaalfleeal  UdUatieoB. 
Surfs*#  evaok  la  coatiag,'  a> 
strata  appear#  cmh4. 

N<*  slgoUUsat  ladtfatioaa. 
Heavier  coating. 

Muck  heavier  coating. 

No  elgaUkaat  ladle  adeaa. 

I  patty  surface  hklU-up  ef 
coat  lag. 

•potty  aurlaca  build-up  of 
coatUg. 

Heavier  ceatkag. 

No  aigeifiea*  indications. 


*Atl  spec  imams  exhibit  porosity  «t  junction  «t  Iroat  fact  »a4  aide  wall* 


VII UAL  AND  rLUOAEfCENT 


Material 

Visual 

riuere  acted 
Penetrant 

riwersscoat 

Poaetraai 

ItTSHi) 

“wr~ 

b  store!' siting 

THJT  Yeedukg 

HfB,  j(A.21 

HF 

•2 

.1 

-4 

chipped  edges 
chipped  adgss 
chipped  edge* 
chipped  edges 

no  cracks 
no  cracks 
bo  cracks 
ao  cracks 

Urge  cracks 
flat  cracks 

ZrB*  (A-S) 

Hr  -» 

-4 

-7 

-a 

o  kipped  edge  a 
chipped  edges 
chipped  edges 
chipped  edges 

ao  cracks 
ao  ciackt 
ao  cracks 
ao  creeks 

sot  tested 

Mi  tested 
act  tested 
eat  tested 

Boride  Z  <A-») 
HT  -9 

-10 

-11 

-12 

1/4°  crack  oa 

face,  chipped  edge 
chipped  edges 
chipped  edges 
1/2"  Urge  chip 

l/S  crack  oa 
face 

ao  Cracks 
ao  eveeks 
ao  crack  a 

met  tested 
net  totted 

ZrBg  (A-2) 

»r  -ii 

•  14 
-IS 
.14 

chipped  edges 
chipped  edges 
chipped  edges 
chipped  edgee 

ao  esteks 
ao  crack* 
sc  cracks 
ao  cracks 

net  tested 
aot  lasted 
act  tasted 

Zrlj* 

Hr  -it 

chipped  edgee, 
microc  racks 

microc  racks  at 

adgo 

Ilea  cracks 

HfBgfllC  (A- 7) 

Hr  -is 

-19 

chipped  edges 
chipped  edges 

so  crash# 
ao  eraake 

fins  c  racks 
aot  taeUd 

*MsaLsba-Avco  malarial. 


PENETRANT  TESTS 


Material  Visual 

li 

Fluoraaesad 

Penetrant 

Tcm —  m  - 

TO4I4  TdftQBg 

Xfurrnvsg 

HIBg(A-4) 

HT  -SO  skipped  edgee, 

microc  reeks 
-21  chipped  edges 

cracks  at  hath  faces 

issruks 

set  taetad 

fine  « racks 

ZrBi* 

KF  >11  chipped  edges 

ae  tracks 

net  Mated 

SrBg+SIC  (A-l) 

HF  -22  chipped  edges 

•24  chipfMd  edges 

mo  cracks 
ao  crocks 

ast  t sited 

H/BgfSIC  (A-4) 

HF  -24 
.24 

-at 

-21 

porous  baa/ 
porous  hood 
porous  bond 
parous  head 

net  Meted 
netteeted 
ae  erne  he 
no  erne  he 

SwM-oa m 
8 

> 

ae  cracks 
a#  earache 
ao  cracks 

ae  cracks 
cracked 
no  cracks 

H/Bg  4  SIC  (A-S) 

HT  04 
-14 
-2/ 

-IS 

fins  cracks 
large  crack 
no  ciackt 
large  crack 

*MaaLshs-Av«o  malarial. 
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TABLE  22  (CONT) 

COMPILATION  OF  EDDY  CURRENT  MEASUREMENTS  OF 
IRIDIUM  COATINGS  ON  GRAPHITE  (1-24) 
SUPPLIED  BY  BATTELLE  MEMORIAL  INSTITUTE 


Sample  No. 
(%fACS) 

Calibration 

Thickness 

“TmlTsl — 

A 

(  9.0) 

10  (measured) 

B 

(24.0) 

20  (measured) 

C 

(31.0) 

30  (measured) 

2** 

(14.0) 

24  (estimated)1 

3** 

(21.0) 

15  (estimated) 

4 

6** 

(23.0) 

14  (estimated) 

<-— ) 

16  (estimated) 

11 

(18.0) 

16  (estimated) 

16** 

(25.5) 

14  (estimated) 

17 

(24.0) 

16  (estimated) 

18 

(24.0) 

16  (estimated) 

23 

(24.0) 

12  (estimated) 

24 

(14.0) 

16  (estimated) 

25 

(18.5) 

16  (estimated) 

27 

(23.0) 

19  (estimated) 

29 

(20.0) 

16  (estimated) 

30 

(24.0) 

27  (estimated) 

Predicted 
Thickness 
Based  on 
Eddy  Current 

Measurement  Comments 

(mils) 


14 

m  m 

17 

18 

15 

Exposed  1 1M 

21 

Exposed  16M 

20 

Exposed  17R 

20 

20 

14 

Exposed  24R 

15 

-  . 

18 

•  - 

16 

20 

Exposed  3R 

^Estimated  from  Table  13  on  the  assumption  that  coating  thickness  equals  1/2 
length  thickness. 

**  Denotes  rough  or  irregular  surface.  Eddy  current  reading  may  be  doubtful. 
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IM.  WfOAT  MCWIMTV  CU AMenC ATIOM 


ManLabs,  Inc. 
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Stability  Characterization  of  Refractory  Materials  Under  High  Velocity 
Atmospheric  Flight  Conditions  -  Part  U- Volume  I  Facilities  and  Techniques 
Employed  for  Characterization  of  Candidate  Materials _  ' 


IPTIVC  MOTH  ( Trpt  »>  mimi  M  sa»j 

Technical  Documentary  Report.  April  1966  to  July  1969 


a.  AuTHOMiai 


Larry  Kaufman  and  Harvey  Nesor 


December  1969 


««.  otarmauTtoN  itatkmcnt  Tilia  document  is  Subject  to  export  controls  and  each  transmittal 
to  foreign  governments  or  foreign  nationals  may  be  made  only  with  prior 
approval  of  the  Air  Force  Materials  Laboratory  (MAMC),  Wright- Patterson 
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Air  Force  Materials  Laboratory  (MAMC) 
Wright- Patterson  Air  Force  Base 
Ohio  45433 


TW  TT-A  i 


This  report  describes  the  candidate  materials  which  were  obtained  from  com¬ 
mercial  sources  and  represent  state  of  the  art  materials.  Available  processing  in¬ 
formation  is  included.  Characterization  of  materials  was  performed  by  qualitative 
spectrographic ,  wet  chemical  and  vacuum  (or  inert  gas)  fusion,  metallographic ,  X-ra 
electron  microprobe  and  pycnometric  analysis.  Standard  analysis  of  refractory  bo¬ 
ride,  carbide  and  silicide  composites  were  employed. 

Nondestructive  testing  of  candidate  materials  included  radiography,  gamma 
radiometry,  die  penetrant  inspection  and  measurement  of  ultrasonic  velocity.  Film 
radiography  was  used  to  detect  the  presence  of  voids,  inclusions  and  local  gross 
changes  in  composition.  Radiometric  density  gauging  used  to  measure  local  densities 
within  each  specimen  and  alcohol  penetrant  tests  were  employed  to  disclose  tight 
surface  cracks  which  are  not  visible  at  moderate  magnifications. 

The  results  of  nondestructive  testing  of  samples  prior  to  arc  plasma  testing  is 
reported.  Test  results  are  provided  for  a  series  of  hemispherical  shells  of  diboride 
composites.  Graphite  composites,  silicon  carbide  and  hafnium- tantalum  alloy  were 
also  tested  prior  to  exposure.  In  several  instances,  flaws  which  caused  failures  on  , 
exposure  were  detected  by  means  of  dye  penetrant  and  radiographic  techniques.  The 
latter  methods  proved  to  be  most  effective  of  the  NDT  techniques  employed  in  this 
study. 

This  abstract  is  subject  to  special  export  controls  and  each  transmittal 
to  foreign  governments  or  foreign  nationals  *ay  be  autde  only  with  prior 
approval  of  the  Air  Force  Materials  Laboratory  (MAMC),  W-F4FB,  Ohio  4543£ 
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